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Abstract:ȱInȱorderȱtoȱassessȱtheȱenvironmentalȱriskȱofȱaȱpharmaceutical,ȱinformationȱisȱneededȱonȱ
theȱsorptionȱofȱtheȱcompoundȱtoȱsolids.ȱHereȱweȱuseȱaȱhighȬqualityȱdatabaseȱofȱmeasuredȱsorptionȱ
coefficients,ȱallȱdeterminedȱfollowingȱinternationallyȱrecognisedȱprotocols,ȱtoȱevaluateȱmodelsȱthatȱ
haveȱbeenȱproposedȱforȱestimatingȱsorptionȱofȱpharmaceuticalsȱfromȱchemicalȱstructure,ȱsomeȱofȱ
whichȱareȱalreadyȱbeingȱusedȱforȱenvironmentalȱriskȱassessmentȱandȱprioritizationȱpurposes.ȱOurȱ
analysesȱdemonstrateȱthatȱoctanolȬwaterȱpartitionȱcoefficientȱ(Kow)ȱaloneȱisȱnotȱanȱeffectiveȱpredictorȱ
ofȱ ionisableȱ pharmaceuticalȱ sorptionȱ inȱ soils.ȱ Polyparameterȱmodelsȱ basedȱ onȱ pharmaceuticalȱ
characteristicsȱinȱcombinationȱwithȱkeyȱsoilȱproperties,ȱsuchȱasȱcationȱexchangeȱcapacity,ȱincreaseȱ
modelȱcomplexityȱbutȱyieldȱanȱimprovementȱinȱtheȱpredictiveȱcapabilityȱofȱsoilȱsorptionȱmodels.ȱ
Nevertheless,ȱasȱtheȱmodelsȱincludedȱinȱthisȱanalysisȱwereȱonlyȱableȱtoȱpredictȱaȱmaximumȱofȱ71%ȱ
andȱ67%ȱofȱtheȱsorptionȱcoefficientsȱforȱtheȱcompoundsȱtoȱwithinȱoneȱlogȱunitȱofȱtheȱcorrespondingȱ
measuredȱvalueȱinȱsoilsȱandȱsludge,ȱrespectively,ȱthereȱisȱaȱneedȱforȱnewȱmodelsȱtoȱbeȱdevelopedȱtoȱ
betterȱpredictȱtheȱsorptionȱofȱionisableȱpharmaceuticalsȱinȱsoilȱandȱsludgeȱsystems.ȱTheȱvariationȱinȱ
sorptionȱcoefficients,ȱevenȱforȱaȱsingleȱpharmaceuticalȱacrossȱdifferentȱsolidȱtypes,ȱmakesȱthisȱanȱ
inherentlyȱdifficultȱtask,ȱandȱthereforeȱrequiresȱaȱbroadȱunderstandingȱofȱbothȱchemicalȱandȱsorbentȱ
propertiesȱdrivingȱtheȱsorptionȱprocess.ȱ
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ȱ
1.ȱIntroductionȱ
Inȱorderȱtoȱfullyȱassessȱtheȱenvironmentalȱriskȱofȱaȱpharmaceuticalȱactiveȱingredient,ȱinformationȱ
isȱneededȱonȱtheȱsorptionȱofȱtheȱcompoundȱtoȱenvironmentalȱsolidsȱsuchȱasȱsewageȱsludge,ȱsoil,ȱandȱ
sediment.ȱSorptionȱpartitionȱ coefficientsȱ (Kd)ȱareȱusedȱ toȱdescribeȱ theȱ extentȱ toȱwhichȱanȱorganicȱ
chemicalȱisȱdistributed,ȱatȱequilibrium,ȱbetweenȱaȱsolidȱandȱtheȱaqueousȱphaseȱthatȱitȱisȱinȱcontactȱ
with.ȱ Sorptionȱ coefficients,ȱ therefore,ȱ provideȱ insightsȱ intoȱ theȱmobilityȱ andȱ bioavailabilityȱ ofȱ aȱ
compoundȱinȱsoilȱorȱsedimentȱ[1],ȱasȱwellȱasȱtheȱextentȱofȱitsȱremovalȱfromȱwastewaterȱviaȱsorptionȱ
toȱsludgeȱ[2]ȱandȱitsȱpropensityȱtoȱassociateȱwithȱbedȱsedimentsȱ[3].ȱAȱsorptionȱcoefficientȱis,ȱtherefore,ȱ
aȱkeyȱcomponentȱ inȱ theȱenvironmentalȱriskȱassessmentȱprocessȱofȱpharmaceuticalsȱandȱ isȱusedȱ inȱ
Phaseȱ Iȱ ofȱ theȱ Europeanȱ Medicinesȱ Agencyȱ guidelineȱ forȱ environmentalȱ riskȱ assessmentȱ ofȱ
pharmaceuticalsȱtoȱevaluateȱtheȱrequirementȱforȱsoilȱandȱgroundwaterȱassessmentȱandȱtoȱestimateȱ
predictedȱenvironmentalȱconcentrationsȱ(PECs)ȱinȱPhaseȱIIȱ[4].ȱ
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Sorptionȱcoefficientsȱareȱknownȱtoȱvaryȱwidelyȱforȱaȱgivenȱpharmaceuticalȱactiveȱingredientȱinȱ
differentȱ soilȱandȱ sludgeȱ typesȱ [2,57].ȱThisȱvariationȱ isȱ thoughtȱ toȱbeȱdueȱ toȱaȱ rangeȱofȱdrivers,ȱ
includingȱdifferencesȱ inȱ theȱ following:ȱquantityȱofȱorganicȱmatterȱ(OM);ȱparticleȱsizeȱdistributionsȱ
andȱsurfaceȱareaȱofȱtheȱsorbent;ȱtheȱpH,ȱionicȱstrength,ȱandȱtheȱdissolvedȱorganicȱmatterȱconcentrationȱ
ofȱtheȱsolution;ȱandȱconcentrationsȱofȱsolidsȱusedȱinȱtheȱstudiesȱ[6,811].ȱInȱparticular,ȱstudiesȱhaveȱ
highlightedȱ theȱ importanceȱofȱpHȱ inȱ explainingȱvariationsȱ inȱ theȱ sorptionȱofȱpharmaceuticalsȱ inȱ
differentȱsystems.ȱWithȱanȱestimatedȱ>60%ȱofȱpharmaceuticalsȱcontainingȱanȱionisableȱgroupȱ[12]ȱandȱ
environmentalȱpHȱknownȱ toȱvaryȱbyȱupȱ toȱ7.5ȱpHȱunitsȱ (e.g.,ȱpHȱ inȱsurfaceȱwatersȱ inȱEuropeȱ isȱ
reportedȱ toȱ rangeȱ fromȱ 2.2ȱ toȱ 9.8),ȱ pharmaceuticalsȱ canȱ dissociateȱ toȱ differentȱ degreesȱ inȱ theȱ
environmentȱwhichȱcanȱalterȱtheȱfateȱandȱbehaviourȱofȱtheȱchemicalȱ[1317].ȱItȱis,ȱtherefore,ȱessentialȱ
thatȱ effectsȱ ofȱ variationsȱ inȱ environmentalȱ pHȱ onȱ sorptionȱ areȱ recognisedȱ whenȱ assessingȱ theȱ
environmentalȱrisksȱofȱaȱpharmaceutical.ȱ
Differencesȱinȱtheȱproportionsȱofȱionisedȱandȱnonionisedȱspeciesȱcanȱinfluenceȱspecificȱsorptionȱ
mechanismsȱandȱultimatelyȱleadȱtoȱdifferencesȱinȱtheȱstrengthȱofȱsorptionȱatȱdifferentȱpHȱvalues.ȱTheȱ
nonionisedȱ formȱ ofȱ aȱmoleculeȱmostȱ likelyȱ associatesȱwithȱ theȱ organicȱ carbonȱ (OC)ȱ ofȱ theȱ solidȱ
throughȱ hydrophobicȱ interactionsȱ [18,19].ȱ Anionicȱ speciesȱ formȱ complexesȱ withȱ divalentȱ andȱ
trivalentȱcationsȱwhichȱthenȱsorbȱtoȱtheȱnegativeȱsurfacesȱonȱparticlesȱviaȱelectrostaticȱattractionȱorȱ
throughȱsurfaceȱbridgingȱmechanismsȱ[20,21].ȱInteractionȱwithȱpositivelyȱchargedȱsurfaceȱoxidesȱhasȱ
alsoȱbeenȱproposedȱasȱaȱmechanismȱforȱsorptionȱofȱanionicȱspeciesȱ[22,23].ȱCationicȱspeciesȱcanȱbeȱ
electrostaticallyȱ attractedȱ toȱ negativelyȱ chargedȱ environmentalȱ substrates.ȱ Specifically,ȱ organicȱ
matterȱandȱphyllosilicateȱclayȱmineralsȱcontributeȱtoȱtheȱsorptionȱaffinityȱofȱorganicȱcationsȱwhereȱ
cationȱ exchangeȱ processesȱ occurȱ atȱ negativelyȱ chargedȱ surfaceȱ groupsȱ [8,9,24].ȱ Theȱ relativeȱ
importanceȱofȱoneȱmechanismȱoverȱanotherȱdependsȱonȱtheȱsolidȱconstituents,ȱtheȱmolecule,ȱandȱtheȱ
characteristicsȱofȱtheȱenvironmentȱinȱwhichȱtheȱsolidȱresides.ȱ
Sorptionȱcoefficientsȱ(Kd)ȱcanȱbeȱobtainedȱbyȱexperimentalȱdetermination,ȱforȱexample,ȱusingȱtheȱ
OrganisationȱforȱEconomicȱCoȬoperationȱandȱDevelopmentȱ(OECD)ȱtestȱguidelineȱ106ȱ[25].ȱHowever,ȱ
givenȱ thatȱ >1500ȱ pharmaceuticalsȱ areȱ currentlyȱ marketedȱ [26],ȱ withȱ othersȱ continuouslyȱ beingȱ
developedȱforȱmarket,ȱandȱtheȱlargeȱvariabilityȱinȱtheȱcharacteristicsȱofȱsoils,ȱsediment,ȱandȱsludgeȱ
acrossȱ theȱ naturalȱ environment,ȱ itȱ wouldȱ beȱ beneficialȱ toȱ haveȱ quantitativeȱ structureȬpropertyȱ
relationshipsȱ(QSPRs)ȱthatȱareȱableȱtoȱestimateȱtheȱsorptionȱbehaviourȱofȱaȱpharmaceuticalȱtoȱsoils,ȱ
sediments,ȱandȱsludgesȱwithȱvaryingȱcharacteristics.ȱSuchȱmodelsȱcouldȱbeȱcombinedȱwithȱspatialȱ
informationȱonȱsoilȱandȱsedimentȱpropertiesȱtoȱbetterȱunderstandȱtheȱfateȱandȱtransportȱofȱanȱactiveȱ
substanceȱacrossȱaȱlandscape.ȱ
WhileȱaȱlargeȱnumberȱofȱQSPRsȱareȱavailableȱforȱestimatingȱtheȱsorptionȱbehaviourȱofȱnonionisedȱ
organicȱ compoundsȱ toȱ soils,ȱ sediments,ȱ andȱ sludges,ȱ fewerȱ modelsȱ areȱ availableȱ forȱ ionisableȱ
chemicalsȱwhichȱalsoȱincludeȱtermsȱrelatedȱtoȱtheȱmatrixȱpropertiesȱ(e.g.,ȱsoilȱpH)ȱ[27].ȱExamplesȱofȱ
modelsȱforȱsoilsȱincludeȱregressionȬbasedȱQSPRsȱforȱacidsȱandȱbasesȱ[24,28,29],ȱandȱmodelsȱbasedȱonȱ
theȱsummedȱcontributionȱofȱsorptionȱtoȱkeyȱsoilȱpropertiesȱ[30],ȱandȱpHȬdependentȱspeciationȱ[16,31].ȱ
Forȱ sludge,ȱavailableȱQSPRsȱ thatȱaccountȱ forȱ ionisationȱ includeȱ regressionȬbasedȱmodelsȱ suchȱasȱ
thoseȱdevelopedȱbyȱSathyamoorthyȱandȱRamsburgȱ[32]ȱandȱFrancoȱetȱal.ȱ[33],ȱasȱwellȱasȱBayesianȱ
artificialȱneuralȱnetworksȱ(ANNs)ȱsuchȱasȱthoseȱproposedȱbyȱBerthodȱetȱal.ȱ[34]ȱandȱBarronȱetȱal.ȱ[35].ȱ
Whileȱeachȱofȱtheseȱmodelsȱhasȱbeenȱevaluatedȱtoȱsomeȱdegree,ȱtheȱlevelȱofȱevaluationȱisȱlimitedȱ
dueȱtoȱtheȱavailabilityȱofȱexperimentallyȱderivedȱdataȱonȱtheȱsorptionȱbehaviourȱofȱpharmaceuticalsȱ
inȱtheȱenvironmentȱthatȱisȱinȱtheȱpublicȱdomain.ȱTheȱqualityȱofȱsomeȱdataȱinȱtheȱpublicȱliteratureȱisȱ
alsoȱquestionableȱwithȱaȱ lackȱofȱconsistencyȱ inȱexperimentalȱconditionsȱandȱstudiesȱneglectingȱ toȱ
utiliseȱ validatedȱ analyticalȱ techniquesȱ andȱ standardisedȱ guidelines.ȱ Asȱ partȱ ofȱ theȱ Innovativeȱ
Medicinesȱ InitiativeȱprojectȱIntelligentȱLedȱAssessmentȱofȱPharmaceuticalsȱ inȱ theȱEnvironmentȱ
(iPiE),ȱ thirteenȱ pharmaceuticalȱ companiesȱ thatȱ areȱ membersȱ ofȱ theȱ Europeanȱ Federationȱ ofȱ
Pharmaceuticalsȱ Industryȱ Associationsȱ (EFPIA)ȱ haveȱ beenȱworkingȱwithȱ theȱ researchȱ sectorȱ toȱ
developȱaȱuniqueȱdatabaseȱcontainingȱresultsȱofȱregulatoryȱenvironmentalȱfateȱandȱeffectsȱstudiesȱ
thatȱhaveȱbeenȱperformedȱonȱpharmaceuticals.ȱAȱ largeȱcomponentȱofȱ thisȱdataȱ isȱavailableȱ inȱ theȱ
iPiE*SUMȱ componentȱ ofȱ theȱ databaseȱ (https://ipiesum.eu/)ȱ whichȱ isȱ accessibleȱ toȱ theȱ researchȱ
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community.ȱ Thisȱ databaseȱ includesȱ previouslyȱ unpublishedȱ dataȱ toȱ supportȱ theȱ regulatoryȱ riskȱ
assessmentȱofȱpharmaceuticals,ȱgeneratedȱusingȱGoodȱLaboratoryȱPracticeȱ(GLP),ȱaȱsetȱofȱprinciplesȱ
intendedȱtoȱassureȱtheȱqualityȱandȱintegrityȱofȱlaboratoryȱstudies.ȱThisȱunique,ȱhighȱqualityȱdatabaseȱ
encompassesȱdataȱonȱtheȱsorptionȱofȱpharmaceuticalsȱinȱsoilsȱandȱsludgeȱprovidingȱanȱopportunityȱ
toȱmoreȱthoroughlyȱevaluateȱsorptionȱmodelsȱproposedȱinȱtheȱliterature.ȱTherefore,ȱinȱthisȱstudy,ȱweȱ
useȱtheȱsorptionȱdataȱfromȱtheȱiPiEȱdatabaseȱtoȱevaluateȱtheȱperformanceȱofȱexistingȱmodelsȱthatȱhaveȱ
beenȱproposedȱforȱestimatingȱtheȱsorptionȱofȱionisableȱpharmaceuticals.ȱModelsȱwereȱselectedȱthatȱ
accountȱforȱchemicalȱspeciationȱbyȱincorporatingȱtermsȱrelatedȱtoȱmatrixȱpropertiesȱ(e.g.,ȱsoilȱpHȱandȱ
lipophilicityȱcorrectedȱforȱpHȱ(logȱD)).ȱWhilstȱadditionalȱsorptionȱmodelsȱhaveȱbeenȱpublishedȱthatȱ
specificallyȱaccountȱ forȱ theȱpresenceȱofȱ ionisableȱ functionalȱgroupsȱandȱareȱbasedȱonȱmechanisticȱ
understandingȱofȱsorptionȱtoȱsoils,ȱtheseȱmodelsȱoftenȱrequireȱdetailedȱsoilȱpropertiesȱwhichȱareȱnotȱ
commonlyȱreportedȱinȱstandardȱsorptionȱstudiesȱ(e.g.,ȱterȱLaakȱ[29])ȱorȱexperimentallyȱdeterminedȱ
sorptionȱ coefficientsȱ ofȱ aȱ probeȱ compoundȱ inȱ theȱ soilȱ ofȱ interestȱ (e.g.,ȱ Jolinȱ etȱ al.,ȱ [36]).ȱ Itȱwas,ȱ
therefore,ȱnotȱpossibleȱtoȱevaluateȱallȱexistingȱsorptionȱmodelsȱasȱinputȱdataȱneededȱforȱtheseȱmodelsȱ
wasȱnotȱavailableȱinȱtheȱiPiEȱdatabaseȱorȱcouldȱnotȱbeȱcomputedȱexperimentally.ȱ
2.ȱMaterialsȱandȱMethodsȱ
Dataȱ donationȱ fromȱ EFPIAȱ companiesȱ enabledȱ theȱ generationȱ ofȱ aȱ datasetȱ ofȱ highȬqualityȱ
sorptionȱcoefficientsȱandȱassociatedȱmetadataȱforȱ83ȱpharmaceuticalsȱ(withȱoctanolȬwaterȱpartitionȱ
coefficientsȱ(logȱKow)ȱrangingȱfromȱƺ4.13ȱtoȱ7.59)ȱinȱaȱvarietyȱofȱsoilȱtypesȱandȱ58ȱpharmaceuticalsȱ(logȱ
Kowȱrangingȱfromȱƺ2.13ȱtoȱ7.13)ȱinȱsludge.ȱAllȱstudiesȱwereȱconductedȱaccordingȱtoȱGLPȱandȱwereȱ
basedȱonȱtheȱOECDȱtestȱguidelineȱ106ȱ[25]ȱorȱUnitedȱStatesȱFoodȱandȱDrugȱAdministrationȱ(USȱFDA)ȱ
TechnicalȱAssistanceȱDocumentȱ3.08.ȱTheseȱprotocolsȱrequireȱpreliminaryȱidentificationȱofȱtheȱmostȱ
suitableȱsoil/solutionȱratiosȱtoȱensureȱthatȱequilibriumȱofȱtheȱtestȱcompoundȱbetweenȱtheȱsoilȱandȱsoilȱ
solutionȱ isȱ reachedȱ byȱ theȱ endȱ ofȱ theȱ experiment.ȱ Theȱ sorptionȱ coefficientsȱ areȱ subsequentlyȱ
calculatedȱusingȱadsorptionȱisothermȱexperimentsȱacrossȱfiveȱconcentrations,ȱcoveringȱtwoȱordersȱofȱ
magnitude.ȱMathematicalȱsorptionȱmodelsȱ(e.g.,ȱLinearȱorȱFreundlichȱadsorptionȱisotherm)ȱare,ȱthen,ȱ
usedȱtoȱdescribeȱtheȱsorptionȱprocessȱandȱcalculateȱaȱsorptionȱcoefficient.ȱTheȱmoleculesȱforȱwhichȱ
theȱKdȱvaluesȱwereȱavailableȱwereȱseparatedȱintoȱacids,ȱbases,ȱandȱchemicalsȱwhichȱhaveȱmultipleȱ
ionisableȱ functionalȱ groupsȱ basedȱ onȱ theȱ abilityȱ ofȱ theȱ chemicalȱ toȱ acceptȱ orȱdonateȱ hydrogens,ȱ
followingȱtheȱBronstedLowryȱdefinitionȱofȱacidsȱandȱbases.ȱTheȱdegreeȱofȱionisationȱofȱtheȱchemicalȱ
atȱtheȱexperimentalȱpHȱwasȱthenȱcalculated.ȱ
Inȱtotal,ȱ287ȱsoilȱsorptionȱcoefficientsȱ(andȱassociatedȱdataȱonȱsoilȱandȱsludgeȱproperties)ȱforȱ83ȱ
pharmaceuticalsȱwereȱprovidedȱbyȱEFPIAȱ companies,ȱwithȱdataȱbeingȱavailableȱ forȱ21ȱ chemicalsȱ
containingȱanȱacidicȱfunctionalȱgroup,ȱ41ȱwithȱaȱbasicȱfunctionalȱgroup,ȱandȱ21ȱcontainingȱbothȱacidicȱ
andȱ basicȱ functionalȱ groups.ȱ Forȱ sludge,ȱ 84ȱ sorptionȱ coefficientsȱwereȱ availableȱ forȱ 58ȱ differentȱ
pharmaceuticals,ȱcomprisingȱofȱ20ȱchemicalsȱcontainingȱanȱacidicȱfunctionalȱgroup,ȱ25ȱwithȱaȱbasicȱ
functionalȱgroup,ȱandȱ13ȱcontainingȱbothȱacidicȱandȱbasicȱfunctionalȱgroups.ȱ
Logȱsorptionȱcoefficientsȱ(logȱKd)ȱforȱtheȱcompoundsȱinȱtheȱdatasetȱrangedȱbetweenȱƺ3.70ȱtoȱ4.56ȱ
andȱƺ0.7ȱtoȱ7.4ȱL/kgȱforȱsoilȱandȱsludge,ȱrespectively.ȱForȱeachȱpharmaceuticalȱwhereȱsoilȱsorptionȱ
dataȱwereȱavailable,ȱsorptionȱcoefficientsȱwereȱtypicallyȱdeterminedȱinȱ3ȱtoȱ5ȱdifferentȱsoilȱtypesȱwithȱ
aȱwideȱrangeȱofȱproperties,ȱincludingȱpHȱ(rangingȱfromȱ4ȱtoȱ8.2),ȱOCȱcontentȱ(rangingȱfromȱ0.5%ȱtoȱ
17%),ȱandȱcationȱexchangeȱcapacitiesȱ(CEC)ȱ(rangingȱfromȱ0.35ȱtoȱ52.5ȱmeq/100g).ȱForȱtheȱsludgeȱdata,ȱ
pHȱvaluesȱforȱtheȱtestȱsystemsȱrangedȱfromȱ5.2ȱtoȱ7.8ȱandȱtheȱOCȱcontentȱrangedȱfromȱ20.1%ȱtoȱ89.4%.ȱ
Forȱaȱdetailedȱlistȱofȱchemicalȱpropertiesȱofȱeachȱtestȱcompound,ȱasȱwellȱasȱsoilȱandȱsludgeȱparameters,ȱ
seeȱTablesȱS1ȱandȱS2.ȱPharmaceuticalsȱhaveȱbeenȱanonymisedȱasȱsomeȱofȱthisȱdataȱisȱnotȱcurrentlyȱ
publiclyȱavailable.ȱ ȱ
2.1.ȱEvaluatedȱModelsȱ
Modelsȱwereȱ selectedȱ thatȱaccountȱ forȱchemicalȱ speciationȱbyȱ incorporatingȱ termsȱ relatedȱ toȱ
matrixȱpropertiesȱ(e.g.,ȱsoilȱpHȱandȱlogȱD).ȱModelsȱforȱsoilȱandȱsludgeȱsorptionȱareȱpresentedȱinȱTablesȱ
1ȱandȱ2,ȱrespectively.ȱForȱsoils,ȱmodelsȱevaluatedȱincludedȱtheȱapproachȱofȱBinteinȱandȱDevillersȱ[28]ȱ
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whoȱproposedȱaȱgeneralȱQSARȱmodelȱthatȱusesȱtheȱphysicochemicalȱpropertiesȱofȱtheȱmoleculesȱ(i.e.,ȱ
logȱKow)ȱ togetherȱwithȱsomeȱrelevantȱsoilsȱpropertiesȱ (i.e.,ȱpHȱandȱ%OC)ȱ toȱestimateȱ theȱsorptionȱ
behaviorȱofȱbothȱionisedȱandȱnonionisedȱchemicals.ȱTheȱregressionȱequation,ȱincludingȱLogȱDȱandȱ
theȱsoilȱOCȱcontentȱtoȱpredictȱtheȱadsorptionȱofȱacidsȱbyȱKahȱandȱBrownȱ[24],ȱwasȱalsoȱselectedȱforȱ
evaluation.ȱPredictionsȱ fromȱ aȱ regressionȱ equationȱproposedȱbyȱFrancoȱandȱTrappȱ [31]ȱ forȱ acidsȱ
accountingȱ forȱ bothȱ theȱneutralȱ andȱ ionicȱmoleculeȱ speciesȱ togetherȱwithȱ aȱnonlinearȱ regressionȱ
equationȱforȱbasesȱwereȱcomparedȱtoȱmeasuredȱdataȱinȱourȱdatabase.ȱMovingȱawayȱfromȱaȱregressionȱ
equation,ȱweȱevaluatedȱtheȱquantitativeȱmodelȱforȱorganicȱcationsȱproposedȱbyȱDrogeȱandȱGossȱ[30]ȱ
whichȱwasȱbasedȱonȱanȱoverallȱKdȱcalculatedȱfromȱtheȱsummedȱcontributionȱofȱsorptionȱtoȱorganicȱ
matterȱ andȱ sorptionȱ toȱ phyllosilicateȱ clayȱ minerals.ȱ Althoughȱ theȱ Kowȱ basedȱ regressionȱ QSPRȱ
developedȱbyȱSablji°ȱetȱal.ȱ[37]ȱwasȱnotȱspecificallyȱdevelopedȱforȱionisableȱchemicals,ȱthisȱmodelȱwasȱ
selectedȱgivenȱitsȱimportanceȱinȱcurrentlyȱacceptedȱriskȱassessmentȱpracticesȱ(EUȱTechnicalȱGuidanceȱ
Documentȱ [38])ȱ andȱ theȱ potentialȱ forȱ itȱ toȱ beȱ usedȱ forȱ pharmaceuticalsȱ whichȱ areȱ ionisedȱ atȱ
environmentalȱpH.ȱ ȱ
Tableȱ1.ȱSummaryȱofȱsoilȱsorptionȱmodelsȱselectedȱforȱanalysis.ȱ
Referenceȱ Modelȱ SpecifiedȱChemicalȱ
RangeȱofȱApplicabilityȱ ModelȱTrainingȱSetȱ
Binteinȱandȱ
Devillersȱ[28]ȱaȱ
LogȱKdȱ=ȱ0.93ȱlogȱKowȱ+ȱ1.09ȱlogȱ
ocȱ+ȱ0.32ȱCFaȱȱ0.55ȱCFbȱ+ȱ
0.25ȱ
Where:ȱ
CFaȱ=ȱlogȱ(1(/1ȱ+ȱ10pHȱƺȱpKa))ȱ
CFbȱ=ȱlogȱ(1(/1ȱ+ȱ10pKaƺȱ(pHƺȱ2)))ȱ ȱ
3.07ȱǂȱpKaȱǂȱ8.85ȱbȱ
0.12ȱǂȱlogȱKowȱǂȱ6.42ȱbȱ
ȱ
Organicȱchemicalsȱ(notȱ
includingȱpharmaceuticals)ȱ
(nȱ=ȱ229,ȱr2ȱ=ȱ0.96)ȱ
Sabljicȱetȱal.ȱ
[37]ȱ(TGD)ȱ LogȱKOCȱ=ȱ0.10ȱ+ȱ(0.81)ȱlogȱKowȱ 1ȱǂȱlogȱKowȱǂȱ7.5ȱ
Hydrophobicȱchemicalsȱ ȱ
(nȱ=ȱ81,ȱr2ȱ=ȱ0.94)ȱ
Sabljicȱetȱal.ȱ
[37]ȱ(TGD)ȱ LogȱKOCȱ=ȱ0.32ȱ+ȱ(0.60)ȱlogȱKowȱ 1ȱǂȱlogȱKowȱǂȱ7.5ȱ
Organicȱacidsȱ ȱ
(nȱ=ȱ23,ȱr2ȱ=ȱ0.87)ȱ
KahȱandȱBrownȱ
[24]ȱ
LogȱKdȱ=ȱ0.13ȱLogȱDȱ+ȱ1.02ȱLogȱ
OCȱȱ1.51ȱ
1.97ȱǂȱpKaȱǂȱ4.94ȱbȱ
1.2ȱǂȱlogȱKowȱǂȱ4.3ȱbȱ
Ionisableȱpesticidesȱ
(nȱ=ȱ90,ȱr2ȱ=ȱ0.39)ȱ
Francoȱandȱ
Trappȱ[31]ȱ
LogȱKOCȱ=ȱlogȱ(neutralȱ100.54ȱȉȱ
logȱPnȱ+ȱ1.11ȱ+ȱionȱ100.11ȱȉȱlogȱPnȱ+ȱ1.54)ȱ
0ȱ<ȱpKaȱ<ȱ12ȱ ȱ
ƺ2.18ȱ<ȱlogȱPnȱ<ȱ8.50ȱ
ȱ
Organicȱacidsȱ(includingȱ5ȱ
basicȱpharmaceuticals)ȱ
(nȱ=ȱ62,ȱr2ȱ=ȱ0.54)ȱ
Francoȱandȱ
Trappȱ[31]ȱ
LogȱKOCȱ=ȱlogȱ(neutralȱ100.37ȱȉȱ
logȱPnȱ+ȱ1.70ȱ+ȱionȱ10pKaȱ0.65ȱȉȱȉȱ0.14)ȱ
2ȱ<ȱpKaȱ<ȱ12ȱ ȱ
ƺ1.66ȱ<ȱlogȱPnȱ<ȱ7.03ȱ
Organicȱbasesȱ(includingȱ5ȱ
basicȱpharmaceuticals)ȱ
(nȱ=ȱ43,ȱr2ȱ=ȱ0.76)ȱ
Francoȱetȱal.,ȱ
[16]ȱ
KOCȱ=ȱ(100.54ȱȉȱlogȱPnȱ+ȱ1.11)/(1ȱ+ȱ
10(pHsoilȬ0.6ȬpKa))ȱ+ȱ(100.11ȱȉȱlogȱPnȱ+ȱ
1.54)/(1ȱ+ȱ10(pKaȬpHsoilȱ+ȱ0.6)ȱ
MonovalentȱacidsȱpKaȱ<ȱ
12ȱ
ƺ2.18ȱ<ȱlogȱPnȱ<ȱ8.50ȱ
Organicȱacidsȱ
(r2ȱ=ȱ0.70)ȱ
Drogeȱandȱ
Gossȱ[30]ȱ
Kdȱ=ȱKCEC,CLAYȱCECCLAYȱ+ȱfOCȱ
ȉDOC,IEȱ ȱ
=ȱKCEC,CLAYȱȉȱ(CECSOILȱƺȱ3.4ȱfOC)ȱ+ȱ
fOCȱȉDOC,IEȱ
Where:ȱ
LogȱKCEC,ȱCLAYSȱ=ȱ1.22ȱ(±ȱ0.15)ȱVxȱ
ƺȱ0.22ȱ(±ȱ0.05)ȱNAiȱ+ȱ2.09ȱ(±ȱ
0.05)ȱ
Strongȱbasesȱ
(monovalent)ȱ
ȱ
ȱ
Organicȱcationsȱ ȱ
(includingȱpharmaceuticals)cȱ
aȱModelȱpresentedȱinȱpaperȱcalculatesȱLogȱKp.ȱAsȱthisȱisȱdefinedȱasȱtheȱsoilȱsorptionȱcoefficient,ȱwhichȱ
isȱwhatȱlogȱKdȱhasȱbeenȱreportedȱasȱinȱthisȱanalysis,ȱLogȱKpȱhasȱbeenȱchangedȱtoȱlogȱKdȱforȱconsistency;ȱ
bȱApplicabilityȱ domainȱ notȱ specified,ȱ calculatedȱ fromȱ informationȱ providedȱ onȱ physicochemicalȱ
propertiesȱofȱtrainingȱsetȱchemicals;ȱcȱNotȱaȱtrainingȱset,ȱmodelȱwasȱdevelopedȱusingȱsorptionȱdataȱforȱ
aȱrangeȱofȱorganicȱcations;ȱlogȱKd,ȱ(log)ȱsoilȱsorptionȱcoefficient;ȱlogȱKOC,ȱ(log)ȱsoilȱsorptionȱcoefficientȱ
normalisedȱtoȱorganicȱcarbon;ȱlogȱKow,ȱ(log)ȱoctanolȬwaterȱpartitionȱcoefficient;ȱpKa,ȱnegativeȱlogȱofȱ
theȱacidȱdissociationȱconstant;ȱfoc,ȱfractionȱorganicȱcarbonȱinȱsoil;ȱCFa,ȱconcentrationȱofȱanionicȱspeciesȱ
inȱrelationȱtoȱpH;ȱCFb,ȱprotonatedȱspeciesȱconcentrationȱinȱrelationȱtoȱpH;ȱfneutral/fion,ȱfractionȱofȱ
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nonionisedȱandȱionicȱspecies,ȱrespectivelyȱcalculatedȱaccordingȱtoȱFrancoȱandȱTrappȱ[31];ȱlogȱPnȱandȱ
logȱPion,ȱ(log)ȱoctanolwaterȱpartitionȱcoefficientȱofȱtheȱnonionisedȱmoleculeȱandȱofȱtheȱionicȱspecies,ȱ
respectively,ȱcalculatedȱaccordingȱtoȱFrancoȱandȱTrappȱ[31];ȱlogȱD,ȱ(log)ȱlipophilicityȱcorrectedȱtoȱsoilȱ
pH;ȱKCEC,CLAYȱandȱDOC,IEȱareȱtheȱreferencesȱsorptionȱcoefficientȱforȱtheȱclayȱandȱorganicȱcontentȱfractionȱ
inȱsoil,ȱrespectively.ȱLogȱKCEC,CLAYȱ=ȱ1.22ȱVxȱȱ0.22NAiȱ+ȱ1.09;ȱlogȱKCEC,CLAYȱ=ȱ1.53Vxȱ+ȱ0.32NAiȱȱ0.27.ȱ
Vx,ȱmolecularȱvolumeȱ(Lȱmolƺ1);ȱNAi,ȱnumberȱofȱhydrogensȱboundȱbyȱtheȱchargedȱnitrogen.ȱ
Tableȱ2.ȱSummaryȱofȱsludgeȱsorptionȱmodelsȱselectedȱforȱanalysis.ȱ
Referenceȱ Modelȱ
SpecifiedȱRangeȱofȱ
Chemicalȱ
Applicabilityȱ
ModelȱTrainingȱSetȱ
Francoȱetȱal.ȱ[33]ȱ KOCȱ=ȱnȱ100.54ȉlogKownȱ+ȱ1.11ȱ+ȱ
ion100.11ȉlogKownȱ+ȱ1.54ȱ
Monovalentȱacidsȱ
pKaȱ<ȱ10ȱ ȱ
Francoȱetȱal.ȱ[33]ȱ KOCȱbaseȱ=ȱ100.31ȉlogȱDȱ+ȱ2.78ȱ Monovalentȱbasesȱ
pKaȱ>ȱ4ȱ ȱ
Sathyamoorthyȱ
andȱRamsburgȱ[32]ȱ
LogȱKdȱ=ȱ[5.88ȱ±ȱ1.69]ȱ+ȱ[(0.37ȱ±ȱ
0.05)logȱD]ȱ+ȱ[(0.30ȱ±ȱ0.05)nHBA]ȱ+ȱ
[(3.56ȱ±ȱ0.78)logȱMV]ȱ
aȱ
Negativelyȱchargedȱ
pharmaceuticalsȱ
(nȱ=ȱ44,ȱr2ȱ=ȱ0.60)ȱ
Sathyamoorthyȱ
andȱRamsburgȱ[32]ȱ
LogȱKdȱ=ȱ(4.54ȱ±ȱ1.36)ȱ+ȱ[(0.39ȱ±ȱ
0.04)logȱD]ȱ+ȱ[(0.32ȱ±ȱ0.04)ȱnHBA]ȱ+ȱ
[(2.41ȱ±ȱ0.59)logȱMV]ȱ+ȱ[(ƺ0.86ȱ±ȱ
0.25)logȱTPSAȱ
aȱ
Negativelyȱchargedȱandȱ
unchargedȱ
pharmaceuticalsȱ
(nȱ=ȱ109,ȱr2ȱ=ȱ0.64)ȱ
Berthodȱetȱal.ȱ[34]ȱ ArtificialȱNeuralȱNetworkȱ(ANN)ȱ 4.55ȱǂȱlogȱKowȱǂȱ
7.05bȱ
Ionisableȱ
pharmaceuticalsȱ
aȱRangeȱnotȱspecifiedȱandȱunableȱtoȱdetermineȱapplicabilityȱdomainȱfromȱdataȱprovidedȱinȱpaper;ȱbȱ
Applicabilityȱ domainȱ notȱ specified,ȱ calculatedȱ fromȱ informationȱ providedȱ onȱ physicochemicalȱ
propertiesȱofȱtrainingȱsetȱchemicals;ȱlogȱD,ȱ(log)ȱpHȱcorrectedȱoctanolȱwaterȱpartitionȱcoefficient;ȱKOC,ȱ
soilȱ sorptionȱ coefficientȱ normalisedȱ toȱ organicȱ carbon;ȱ logȱ Kow,ȱ (log)ȱ octanolȬwaterȱ partitionȱ
coefficient;ȱpKa,ȱnegativeȱlogȱofȱtheȱacidȱdissociationȱconstant;ȱlogȱKd,ȱ(log)ȱsoilȱsorptionȱcoefficient;ȱ
fneutral/fion,ȱ fractionȱofȱnonionisedȱandȱ ionicȱspecies,ȱrespectively,ȱcalculatedȱaccordingȱ toȱFrancoȱ
andȱTrappȱ [31];ȱnHBA,ȱnumberȱofȱhydrogenȱbondȱ acceptors;ȱMV,ȱmolecularȱvolumeȱ (Å3);ȱTPSA,ȱ
topologicalȱpolarȱsurfaceȱareaȱ(Å2).ȱ
ModelsȱforȱsludgeȱsorptionȱincludedȱapproachesȱbyȱFrancoȱetȱal.ȱ[33],ȱwhoȱproposedȱregressionsȱ
forȱmonovalentȱacidsȱandȱbasesȱbasedȱonȱKow,ȱtheȱdissociationȱconstantȱ(pKa),ȱandȱtheȱpH.ȱModelsȱbyȱ
SathyamoorthyȱandȱRamsburgȱ[32],ȱincludingȱsingleȱandȱpolyparameterȱQSPRs,ȱwereȱalsoȱevaluatedȱ
togetherȱwithȱtheȱANNȱproposedȱbyȱBerthodȱetȱal.ȱ[34].ȱTheȱspecifiedȱrangeȱofȱchemicalȱapplicabilityȱ
andȱtrainingȱdatasetȱforȱeachȱmodelȱareȱsummarisedȱinȱTablesȱ1ȱandȱ2.ȱItȱshouldȱbeȱnotedȱthatȱtheȱ
evaluationȱofȱ theȱmodelsȱ is,ȱ therefore,ȱ limitedȱ toȱchemicalsȱ inȱourȱ testȱdatasetȱ thatȱ fallȱwithinȱ theȱ
applicabilityȱdomainȱofȱtheȱselectedȱmodel.ȱForȱexample,ȱpublishedȱmodelsȱareȱinȱmostȱcasesȱonlyȱ
suitableȱforȱchemicalsȱwithȱsingleȱionisableȱfunctionalȱgroups,ȱsuchȱasȱFrancoȱetȱal.,ȱ[16],ȱandȱthereforeȱ
zwitterionicȱcompoundsȱwereȱoftenȱremoved.ȱ ȱ
2.1.1.ȱGenerationȱofȱChemicalȱDescriptorsȱforȱInclusionȱinȱtheȱModelsȱ
Aȱvarietyȱofȱdescriptorsȱwasȱneededȱtoȱestimateȱsorptionȱbehaviourȱusingȱtheȱdifferentȱexistingȱ
QSPRȱmodels.ȱLogȱKowȱandȱpKaȱvaluesȱwereȱestimatedȱusingȱtheȱACD/IȬLabȱsoftwareȱ(v.ȱ2018).ȱTheȱ
numberȱ ofȱ hydrogenȱ bondȱ acceptorsȱ (nHBA),ȱ logȱ ofȱ molecularȱ volumeȱ (logȱ MV),ȱ andȱ logȱ ofȱ
topologicalȱ surfaceȱ areaȱ (logȱ TPSA)ȱ wereȱ calculatedȱ usingȱ theȱ Molinspirationȱ onlineȱ interfaceȱ
calculatorȱ (http://www.molinspiration.com/)ȱ asȱ detailedȱ byȱ Sathyamoorthyȱ andȱ Ramsburgȱ [32].ȱ
Energyȱminimised,ȱthreeȬdimensionalȱconformationsȱforȱinputȱintoȱtheȱANNȱwereȱgeneratedȱfromȱ
canonicalȱ SMILESȱ usingȱ theȱ Molecularȱ Operatingȱ Environmentȱ (MOE)ȱ (2015.10),ȱ accordingȱ toȱ
methodsȱoutlinedȱbyȱBerthodȱetȱal.,ȱ[34].ȱRelevantȱvaluesȱwereȱthenȱinputȱintoȱtheȱmodelsȱtoȱestimateȱ
eitherȱtheȱKdȱorȱKocȱofȱaȱmolecule.ȱForȱconsistency,ȱinȱinstancesȱwhereȱtheȱQSPRȱestimatedȱtheȱKocȱofȱaȱ
molecule,ȱtheȱKocȱwasȱconvertedȱtoȱaȱKdȱusingȱinformationȱonȱtheȱsoilȱorganicȱcarbonȱcontentȱbeforeȱ
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predictionsȱwereȱcomparedȱwithȱtheȱmeasuredȱKdȱvalues.ȱResultsȱofȱKocȱregressionȱanalysisȱpriorȱtoȱ
conversionȱtoȱKdȱareȱprovidedȱinȱtheȱSupplementaryȱMaterialsȱ(TablesȱS3ȱandȱS4,ȱFiguresȱS1ȱandȱS2).ȱ
2.2.ȱStatisticalȱAnalysisȱ
Theȱperformanceȱofȱtheȱpublishedȱmodelsȱwasȱassessedȱusingȱaȱsuiteȱofȱstatisticalȱtestsȱusingȱ
SPSSȱ (v.ȱ24).ȱTheȱabilityȱofȱeachȱmodelȱ toȱcaptureȱ theȱvarianceȱ inȱ theȱdatasetȱusedȱ toȱdevelopȱ theȱ
modelȱwasȱevaluatedȱusingȱtheȱcorrelationȱcoefficientȱ(r2).ȱTheȱpredictiveȱcapabilityȱofȱmodelsȱwasȱ
assessedȱusingȱtheȱNashSutcliffeȱefficiencyȱ(NSE)ȱ(NashȱandȱSutcliffeȱ1970).ȱTheȱNSEȱrangesȱfromȱ
ƺ toȱ1.ȱNegativeȱNSEȱvaluesȱindicateȱthatȱtheȱmeanȱofȱtheȱmeasuredȱvaluesȱisȱaȱbetterȱpredictorȱthanȱ
theȱmodel.ȱAbsoluteȱerrorsȱwereȱalsoȱcalculatedȱ(rootȱmeanȱsquareȱerrorȱ(RMSE)ȱandȱmeanȱabsoluteȱ
errorȱ(MAE))ȱtoȱmeasureȱtheȱaverageȱmagnitudeȱofȱtheȱerrorȱinȱtheȱprediction.ȱAȱratioȱofȱRMSEȱandȱ
MAEȱwasȱusedȱasȱanȱ indicatorȱofȱtheȱextentȱ toȱwhichȱoutliersȱaffectȱtheȱmodelȱevaluation,ȱwithȱaȱ
valueȱ>1ȱsuggestingȱthereȱareȱoutliersȱandȱRMSEȱ=ȱMAEȱsuggestingȱthatȱallȱerrorsȱareȱofȱtheȱsameȱ
orderȱ ofȱmagnitude.ȱ Theȱ percentȱ ofȱ predictionsȱwithinȱ aȱ factorȱ ofȱ 10ȱ ofȱ theȱmeasuredȱ sorptionȱ
coefficientsȱwasȱalsoȱcalculated.ȱThisȱwasȱconsideredȱtoȱbeȱanȱacceptableȱthresholdȱforȱaȱprediction,ȱ
asȱthisȱlevelȱofȱvariabilityȱcouldȱbeȱexpectedȱinȱexperimentalȱresultsȱbetweenȱstudiesȱcarriedȱoutȱonȱ
theȱsameȱsolidȬliquidȱsystemȱinȱdifferentȱlaboratories.ȱ
3.ȱResultsȱ
Measurementsȱ ofȱ sorptionȱ coefficientsȱ areȱ timeȱ andȱ resourceȱ consumingȱ andȱ predictiveȱ
approachesȱare,ȱtherefore,ȱanȱattractiveȱalternativeȱtoȱgenerateȱtheseȱdata.ȱInȱthisȱstudyȱweȱthereforeȱ
evaluatedȱnineȱsoilȱandȱfiveȱsludgeȱmodelsȱwithȱtheȱgoodnessȱofȱfitȱparametersȱprovidedȱinȱTablesȱ3ȱ
andȱ 4.ȱ Regressionsȱ ofȱmeasuredȱ sorptionȱ coefficientsȱ againstȱ predictedȱ sorptionȱ coefficientsȱ areȱ
providedȱinȱFiguresȱ14.ȱAȱnumberȱofȱsorptionȱcoefficientsȱwereȱremovedȱfromȱtheȱanalysisȱwhereȱ
chemicalsȱfellȱoutsideȱofȱtheȱspecifiedȱapplicabilityȱdomainȱofȱtheȱrespectiveȱmodelsȱ(seeȱTablesȱ1ȱandȱ
2ȱ forȱ modelȱ applicabilityȱ domains).ȱ Forȱ example,ȱ zwitterionsȱ andȱ amphotericȱ chemicalsȱ wereȱ
removedȱ fromȱ theȱanalysisȱunlessȱ theȱmodelȱexplicitlyȱ statedȱ thatȱ itȱ couldȱbeȱusedȱ forȱ chemicalsȱ
containingȱmoreȱthanȱoneȱionisableȱfunctionalȱgroupȱ(e.g.,ȱBerthodȱetȱal.ȱ[34]).ȱPharmaceuticalsȱwithinȱ
theȱapplicabilityȱdomain,ȱandȱincludedȱinȱtheȱanalysisȱofȱeachȱmodel,ȱareȱprovidedȱinȱTablesȱS5ȱandȱ
S6.ȱAnȱevaluationȱofȱ theȱratioȱbetweenȱRMSEȱandȱMAEȱwouldȱsuggestȱ thatȱoutliersȱwere,ȱonȱ theȱ
whole,ȱnotȱaffectingȱtheȱmodelȱperformanceȱforȱsoilȱandȱsludgeȱmodelsȱasȱallȱvaluesȱwereȱlessȱthanȱ
oneȱ(Tablesȱ3ȱandȱ4).ȱ
Tableȱ3.ȱAssessmentȱofȱtheȱperformanceȱofȱpreviouslyȱpublishedȱsoilȱsorptionȱmodelsȱinȱtheirȱabilityȱ
toȱpredictȱsoilȱsorptionȱcoefficientsȱ(logȱKd).ȱ
Referenceȱ
Chargeȱ
Groupȱ
Relevantȱtoȱ
Modelȱ
ModelȱPerformanceȱ
NumberȱofȱDataȱ
withinȱModelȱ
Applicabilityȱ
Domainȱ
r2ȱ NSEȱ RMSEȱ RMSE/MAEȱ
%ȱ
withinȱaȱ
Factorȱofȱ
10ȱ
Binteinȱ
andȱ
Devillersȱ
[28]ȱ
Acidsȱ 0.005ȱ ƺ4.43ȱ 0.39ȱ 0.18ȱ 26ȱ 38ȱaȱ
Binteinȱ
andȱ
Devillersȱ
[28]ȱ
Basesȱ 0.08ȱ ƺ9.65ȱ 0.32ȱ 0.12ȱ 24ȱ 85ȱaȱ
Sabljicȱetȱ
al.ȱ[37]ȱ
(TGD)ȱ
Hydrophobi
cȱchemicalsȱ ȱ 0.07ȱ ƺ1.54ȱ 0.62ȱ 0.51ȱ 55ȱ 194ȱcȱ
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Sabljicȱetȱ
al.ȱ[37]ȱ
(TGD)ȱ
Acidsȱ 0.04ȱ ƺ1.25ȱ 0.62ȱ 0.50ȱ 48ȱ 77ȱ
Kahȱandȱ
Brownȱ[24]ȱ Acidsȱ 0.003ȱ ƺ7.71ȱ 0.91ȱ 0.97ȱ 71ȱ 7ȱaȱ
Francoȱandȱ
Trappȱ[31]ȱ ȱ Acidsȱ 0.17ȱ ƺ0.26ȱ 0.70ȱ 0.67ȱ 68ȱ 68ȱ
Francoȱandȱ
Trappȱ[31]ȱ Basesȱ 0.07ȱ ƺ0.31ȱ 0.65ȱ 0.58ȱ 55ȱ 114ȱ
Francoȱandȱ
Trappȱ[16]ȱ Acidsȱ 0.17ȱ ƺ0.26ȱ 0.70ȱ 0.67ȱ 68ȱ 68ȱ
Drogeȱandȱ
Gossȱ[30]ȱ Basesȱ 0.29ȱ 0.18ȱ 0.79ȱ 0.93ȱ 71ȱ 66ȱ
aȱDefinedȱapplicabilityȱdomainȱbasedȱonȱ informationȱprovidedȱ forȱ trainingȱsetȱinȱoriginalȱpaper;ȱ bȱ
PredictedȱlogȱKocȱwereȱconvertedȱtoȱlogȱKdȱusingȱinformationȱonȱtestȱsoilȱorganicȱcarbonȱcontentȱ(Kdȱ=ȱ
KOCȱ0.01ȱOC(%));ȱcȱOrganicȱcarbonȱcontentȱnotȱavailableȱforȱallȱdatasets.ȱConversionȱfromȱlogȱKocȱtoȱ
logȱKdȱwas,ȱtherefore,ȱnotȱpossibleȱforȱsomeȱchemicals.ȱ
Tableȱ4.ȱAssessmentȱofȱ theȱperformanceȱofȱpreviouslyȱpublishedȱ sludgeȱ sorptionȱmodelsȱ inȱ theirȱ
abilityȱtoȱpredictȱsludgeȱsorptionȱcoefficients.ȱ
Referenceȱ
Chargeȱ
Groupȱ
Relevantȱtoȱ
Modelȱ
ModelȱPerformanceȱ Numberȱofȱ
Dataȱwithinȱ
Modelȱ
Applicabilityȱ
Domainȱ
r2ȱ NSEȱ RMSEȱ RMSE/MAEȱ
%ȱwithinȱ
aȱFactorȱ
ofȱ10ȱ
Francoȱetȱal.ȱ[33]ȱ Acidsȱ 0.07ȱ 0.99ȱ 0.89ȱ 0.94ȱ 60ȱ 15ȱbȱ
Francoȱetȱal.ȱ[33]ȱ Basesȱ 0.04ȱ ƺ0.07ȱ 0.76ȱ 0.90ȱ 67ȱ 28ȱ
Sathyamoorthyȱ
andȱRamsburgȱ
[32]ȱ
Acidsȱ(withȱ
aȱnegativeȱ
chargeȱatȱ
sludgeȱpH)ȱ
0.08ȱ ƺ12.68ȱ 0.31ȱ 0.10ȱ 11ȱ 10ȱ
Sathyamoorthyȱ
andȱRamsburgȱ
[32]ȱ
Acidsȱ 0.04ȱ ƺ9.28ȱ 0.32ȱ 0.11ȱ 4ȱ 23ȱ
Berthodȱetȱal.ȱ[34]ȱ Allȱ 0.21ȱ ƺ2.38ȱ 0.54ȱ 0.32ȱ 21ȱ 66ȱcȱ
Berthodȱetȱal.ȱ[34]ȱ Acidsȱ 0.28ȱ ƺ4.42ȱ 0.56ȱ 0.34ȱ 19ȱ 21ȱ
Berthodȱetȱal.ȱ[34]ȱ Basesȱ 0.21ȱ ƺ1.76ȱ 0.52ȱ 0.30ȱ 19ȱ 32ȱ
Berthodȱetȱal.ȱ[34]ȱ
Multipleȱ
ionisableȱ
groupsȱ
0.01ȱ ƺ17.50ȱ 0.52ȱ 0.33ȱ 30ȱ 13ȱ
aȱPredictedȱKocȱvaluesȱwereȱconvertedȱtoȱKdȱusingȱinformationȱonȱtestȱsludgeȱorganicȱcarbonȱcontent;ȱ
bȱOrganicȱ carbonȱ contentȱ notȱ availableȱ forȱ allȱ datasets.ȱ Conversionȱ fromȱ logȱ Kocȱ toȱ logȱ Kdȱwas,ȱ
therefore,ȱnotȱpossibleȱforȱsomeȱchemicalsȱ(Kdȱ=ȱKOCȱ0.01ȱOC(%));ȱcȱ18ȱchemicalsȱincludedȱinȱtheȱiPiEȱ
databaseȱwereȱusedȱ toȱdevelopȱ theȱmodelȱand,ȱ therefore,ȱwereȱ removedȱ fromȱ theȱanalysisȱofȱ thisȱ
model.ȱ
3.1.ȱSoilȱSorptionȱ
Inȱtotal,ȱnineȱsorptionȱmodelsȱproposedȱforȱuseȱinȱtheȱenvironmentalȱfateȱassessmentȱofȱionisableȱ
chemicalsȱwereȱevaluatedȱforȱaccuracyȱinȱtheȱpredictionȱofȱionisableȱpharmaceuticalȱsorptionȱtoȱsoilsȱ
(Tableȱ3).ȱTheȱhydrophobicȱchemicalȱQSAR,ȱproposedȱbyȱSablji°ȱetȱal.ȱ [37],ȱwasȱnotȱdevelopedȱ toȱ
predictȱtheȱsorptionȱcoefficientsȱofȱionisableȱchemicalsȱspecifically,ȱyetȱwasȱableȱtoȱpredictȱ55%ȱofȱtheȱ
measuredȱKdȱvaluesȱ toȱwithinȱaȱ factorȱofȱ10ȱ (Figureȱ1).ȱLogȱKdȱvaluesȱpredictedȱwithinȱ1ȱ logȱunitȱ
includedȱacidsȱandȱbasesȱwhichȱwereȱchargedȱatȱexperimentȱsoilȱpH,ȱandȱthereforeȱdisplayedȱanionicȱ
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(10ȱnegativelyȱchargedȱacids)ȱandȱcationicȱ (26ȱpositivelyȱchargedȱbases)ȱproperties.ȱHowever,ȱ theȱ
accompanyingȱstatisticsȱdemonstratedȱpoorȱmodelȱperformanceȱwithȱlowȱpredictiveȱpowerȱ(r2ȱ0.07,ȱ
NSEȱƺ1.94)ȱ(Tableȱ3).ȱAȱsignificantȱdeviationȱfromȱtheȱ1:1ȱlineȱwasȱobserved,ȱandȱmeasuredȱlogȱKdȱ
valuesȱwereȱgenerallyȱunderpredictedȱbyȱthisȱQSARȱ(Figureȱ1).ȱTheȱorganicȱacidsȱQSARȱbyȱSablji°ȱetȱ
al.ȱ [37]ȱsimilarlyȱ ledȱ toȱanȱunderestimationȱofȱsorptionȱcoefficientsȱ forȱ theȱacidicȱpharmaceuticalsȱ
includedȱ inȱ ourȱ datasetȱ (Figureȱ 2)ȱ resultingȱ inȱ aȱ poorȱmodelȱ performanceȱ (r2ȱ =ȱ 0.13)ȱwithȱ lowȱ
predictiveȱcapabilityȱ(RMSEȱ0.63,ȱNSEȱƺ0.82)ȱ(Tableȱ3).ȱ
ȱ
Figureȱ1.ȱComparisonȱofȱpredictedȱandȱmeasuredȱsoilȱsorptionȱcoefficientsȱ(logȱKd)ȱusingȱSabljicȱetȱal.ȱ
[37]ȱmodelȱforȱhydrophobicȱchemicals.ȱ
Theȱlowestȱr2ȱandȱgreatestȱnegativeȱNSEȱvalueȱwasȱcalculatedȱforȱtheȱKahȱandȱBrownȱapproachȱ
[24]ȱ(r2ȱ0.003,ȱNSEȱƺ7.71)ȱforȱtheȱpredictionȱofȱsorptionȱcoefficientsȱforȱacids.ȱSurprisingly,ȱthisȱmodelȱ
resultedȱinȱtheȱlargestȱproportionȱofȱKdȱvaluesȱpredictedȱwithinȱaȱfactorȱofȱ10ȱofȱtheȱcorrespondingȱ
measuredȱvalueȱ(71%,ȱTableȱ3).ȱHowever,ȱdueȱtoȱtheȱlimitedȱtrainingȱsetȱofȱchemicalsȱusedȱtoȱdevelopȱ
thisȱmodelȱ (1.97ȱǂȱpKaȱǂȱ4.94),ȱonlyȱsevenȱchemicalsȱwereȱwithinȱ theȱapplicabilityȱdomainȱofȱ thisȱ
modelȱ(Figureȱ2,ȱTableȱ3).ȱLimitedȱapplicabilityȱofȱthisȱmodelȱcombinedȱwithȱstatisticsȱdemonstratingȱ
poorȱ predictiveȱ capabilityȱ suggestȱ thatȱ thisȱ approachȱ isȱ limitedȱ forȱ theȱ predictionȱ ofȱ sorptionȱ
coefficientsȱforȱacidicȱpharmaceuticals.ȱ
ModelsȱspecificallyȱdevelopedȱforȱacidsȱandȱbasesȱbyȱBinteinȱandȱDevillersȱ[28]ȱalsoȱperformedȱ
poorly,ȱandȱresultedȱ inȱaȱ largeȱamountȱofȱvariationȱaroundȱ theȱ1:1ȱ lineȱwithȱpredictionsȱ typicallyȱ
underestimatedȱ(Figuresȱ2ȱandȱ3,ȱTableȱ3).ȱAȱsmallerȱnumberȱofȱpredictionsȱwereȱwithinȱaȱfactorȱofȱ
10ȱofȱtheȱcorrespondingȱmeasuredȱsorptionȱcoefficientȱ(Kd)ȱforȱacidsȱ(26%)ȱandȱbasesȱ(24%)ȱthanȱthoseȱ
observedȱ forȱtheȱSablji°ȱmodelȱ [37]ȱ(>50%)ȱ (Tableȱ3).ȱTheȱBinteinȱandȱDevillersȱapproachȱ[28]ȱalsoȱ
resultedȱinȱveryȱlargeȱnegativeȱNSEȱindexesȱforȱacidsȱ(ƺ4.43)ȱandȱbasesȱ(ƺ9.65)ȱ(Tableȱ3).ȱInȱtheseȱcases,ȱ
theȱanalysisȱindicatesȱthatȱtheȱmeanȱofȱtheȱmeasuredȱKdȱvaluesȱisȱaȱbetterȱpredictorȱthanȱtheȱmodelsȱ
includedȱinȱthisȱanalysis,ȱandȱinȱgeneral,ȱmodelȱperformanceȱwasȱlow.ȱ ȱ
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(a) (b) 
(c)ȱ (d)ȱ
(e)ȱ ȱ
ȱ
Figureȱ 2.ȱ Comparisonȱ ofȱ predictedȱ andȱ measuredȱ soilȱ sorptionȱ coefficientsȱ (logȱ Kd)ȱ forȱ acidicȱ
pharmaceuticalsȱBinteinȱandȱDevillersȱ[28]ȱ(a);ȱSabljicȱetȱal.ȱ[37]ȱ(b);ȱFrancoȱetȱal.ȱ[31]ȱ(c);ȱFrancoȱetȱal.ȱ
[16]ȱ(d);ȱKahȱandȱBrownȱ[24]ȱ(e).ȱ
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TheȱFrancoȱetȱal.ȱmodelsȱ[16,31]ȱalsoȱresultedȱinȱnegativeȱNSEȱvaluesȱbutȱwereȱinȱtheȱrangeȱofȱ
0.26ȱtoȱƺ0.31ȱwhichȱwereȱsmallerȱthanȱcalculatedȱforȱtheȱapproachesȱbyȱBinteinȱandȱDevillersȱ[28],ȱ
Kahȱ andȱ Brownȱ [24],ȱ andȱ Sablji°ȱ etȱ al.ȱ [37]ȱ (Tableȱ 3).ȱ Consideringȱ soilȱ sorptionȱ asȱ aȱ summedȱ
contributionȱofȱspeciesȬspecificȱsorptionȱcoefficientsȱ[16,31]ȱresultedȱinȱ55%ȱtoȱ68%ȱofȱtheȱpredictedȱ
Kdȱvaluesȱbeingȱwithinȱaȱfactorȱofȱ10ȱofȱtheȱcorrespondingȱmeasuredȱvalue.ȱHowever,ȱthereȱwasȱstillȱ
aȱsubstantialȱamountȱofȱvariationȱaroundȱ theȱ1:1ȱ lineȱ (Figureȱ2,ȱRMSEȱvaluesȱ>0.65)ȱandȱbothȱ theȱ
Francoȱ andȱ Trappȱ [31]ȱ andȱ Francoȱ etȱ al.ȱ [16]ȱ approachesȱ underestimatedȱ theȱ logȱ Kdȱ ofȱ highlyȱ
hydrophobicȱ acidicȱ compoundsȱwithȱ logȱKdȱvaluesȱ >2.ȱWithȱ theȱ exceptionȱofȱ aȱ smallȱnumberȱofȱ
chemicals,ȱ theȱ basesȱ modelȱ proposedȱ byȱ Francoȱ andȱ Trappȱ [31]ȱ wasȱ observedȱ toȱ generallyȱ
underestimateȱsorptionȱcoefficientsȱbyȱupȱtoȱaȱfactorȱofȱtwoȱ(Figureȱ3).ȱNevertheless,ȱtheȱapproachȱ
presentedȱ byȱ Francoȱ andȱ Trapp,ȱ inȱ 2008,ȱ forȱmonovalentȱ acidicȱ compoundsȱ [31],ȱwithȱ theȱ laterȱ
adjustmentȱofȱincludingȱaȱtermȱtoȱaccountȱforȱoptimumȱsoilȱpHȱinȱ2009ȱ[16],ȱwasȱtheȱbestȱperformingȱ
modelȱtoȱpredictȱsorptionȱofȱsoilsȱforȱpharmaceuticalsȱthatȱcontainȱaȱsingleȱacidicȱfunctionalȱgroup.ȱ
(a) (b) 
(c)ȱ ȱ
ȱ
Figureȱ 3.ȱ Comparisonȱ ofȱ predictedȱ andȱ measuredȱ soilȱ sorptionȱ coefficientsȱ (logȱ Kd)ȱ forȱ basicȱ
pharmaceuticalsȱBinteinȱandȱDevillersȱ[28]ȱ(a);ȱFrancoȱetȱal.ȱ[31]ȱ(b);ȱDrogeȱandȱGossȱ[30]ȱ(c).ȱ
Comparatively,ȱtheȱDrogeȱandȱGossȱmodelȱ[30]ȱresultedȱinȱtheȱbestȱmodelȱperformanceȱforȱtheȱ
predictionȱofȱsorptionȱcoefficientsȱforȱpharmaceuticalsȱwithȱaȱbasicȱfunctionalȱgroup.ȱComparisonȱofȱ
predictedȱandȱmeasuredȱsorptionȱcoefficientsȱresultedȱinȱaȱrelativelyȱsmallȱdeviationȱfromȱtheȱ1:1ȱlineȱ
andȱ71%ȱofȱtheȱpredictedȱlogȱKdȱvaluesȱwereȱwithinȱoneȱlogȱunitȱofȱtheȱcorrespondingȱmeasuredȱlogȱ
Kdȱvalueȱ(Figureȱ3ȱandȱTableȱ3).ȱThereȱisȱaȱlargerȱspreadȱofȱdataȱaroundȱtheȱ1:1ȱlineȱforȱpharmaceuticalsȱ
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fromȱtheȱiPiEȱdatabaseȱasȱcomparedȱwithȱtheȱdatasetȱusedȱtoȱevaluateȱtheȱmodelȱinȱtheȱoriginalȱpaper,ȱ
whereȱitȱwasȱobservedȱthatȱmostȱKdȱpredictionsȱwereȱwithinȱaȱfactorȱofȱthreeȱ[30].ȱTheȱDrogeȱandȱGossȱ
modelȱ[30]ȱwasȱalsoȱableȱtoȱcaptureȱaȱlargerȱproportionȱofȱtheȱvarianceȱinȱtheȱmeasuredȱdataȱwithȱaȱ
relativelyȱhighȱr2ȱofȱ0.29.ȱHowever,ȱaȱlargeȱRMSEȱofȱ0.79ȱ(Tableȱ3)ȱsuggestsȱthatȱthereȱisȱaȱneedȱtoȱ
improveȱ thisȱ predictionȱ furtherȱ andȱ reduceȱ theȱ associatedȱ standardȱ deviationȱ ofȱ unexplainedȱ
variance.ȱ
Evenȱthoughȱallȱmodelsȱevaluatedȱhereȱresultedȱinȱlowȱr2ȱvaluesȱ(<0.29,ȱTableȱ3),ȱtheȱresultsȱshowȱ
thatȱapproachesȱthatȱconsiderȱtheȱchargeȱofȱtheȱchemicalȱinȱcombinationȱwithȱinformationȱonȱselectedȱ
soilȱpropertiesȱperformȱbetterȱthanȱtheȱKowȬbasedȱmodels.ȱThisȱfindingȱisȱinȱagreementȱwithȱpreviousȱ
studiesȱwhichȱhaveȱconcludedȱthat,ȱbasedȱonȱadvancesȱinȱourȱmechanisticȱunderstanding,ȱmultipleȱ
reactiveȱsites,ȱinȱadditionȱtoȱorganicȱmatter,ȱareȱimportantȱforȱionisableȱchemicalȱsorptionȱ[11,39].ȱForȱ
example,ȱoxytetracyclineȱcanȱsorbȱtoȱsoilsȱviaȱaȱnumberȱofȱmechanismsȱincludingȱcationȱexchangeȱ
andȱcationȱbridgingȱtoȱnegativelyȱchargedȱsitesȱonȱbothȱaluminosilicatesȱandȱorganicȱmatter,ȱasȱwellȱ
asȱ complexationȱ toȱ ironȱ andȱ aluminiumȱ ionsȱ onȱ metalȱ oxides.ȱ Modelsȱ thatȱ alsoȱ includedȱ
pharmaceuticalsȱinȱtheirȱtrainingȱsetsȱforȱmodelȱdevelopmentȱalsoȱperformedȱbetterȱthanȱmodelsȱthatȱ
wereȱdevelopedȱforȱgeneralȱgroupȱorganicȱchemicals.ȱ
3.2.ȱSludgeȱSorptionȱ
TheȱFrancoȱapproachȱofȱconsideringȱsorptionȱasȱtheȱsumȱofȱsorptionȱfromȱtheȱnonionisedȱfractionȱ
andȱtheȱionisedȱfractionȱalsoȱappearsȱtoȱworkȱwellȱforȱpredictingȱsludgeȱsorptionȱofȱacids,ȱusingȱaȱ
similarȱmodelȱ toȱ thatȱpublishedȱ forȱ soilsȱ (Tableȱ4).ȱTheȱmodelȱproposedȱbyȱFrancoȱetȱal.ȱ [33]ȱ forȱ
monovalentȱbasesȱwasȱableȱtoȱpredictȱtheȱlargestȱpercentȱofȱmeasuredȱKdȱvaluesȱtoȱwithinȱoneȱlogȱunitȱ
(67%)ȱ(Tableȱ4ȱandȱFigureȱ4).ȱHowever,ȱ furtherȱstatisticalȱevaluationȱofȱtheȱmodelȱsuggestedȱpoorȱ
modelȱperformanceȱwithȱanȱNSEȱofȱƺ0.07ȱandȱr2ȱofȱonlyȱ0.04.ȱModelȱestimatesȱforȱmonovalentȱacidsȱ
[33]ȱwereȱwithinȱoneȱorderȱofȱmagnitudeȱforȱ60%ȱofȱtheȱsorptionȱcoefficientsȱincludedȱinȱtheȱanalysisȱ
butȱsimilarlyȱtoȱtheȱregressionȱproposedȱforȱbases,ȱmodelȱpredictionsȱwereȱpoorȱandȱresultedȱinȱaȱ
largeȱmeanȱdeviationȱfromȱtheȱmeasuredȱsorptionȱcoefficientsȱ(RMSEȱ0.89,ȱr2ȱ0.07)ȱ(Tableȱ4ȱandȱFigureȱ
4).ȱTheȱpolyparameterȱQSARsȱproposedȱbyȱSathyamoorthyȱandȱRamsburgȱ[32]ȱforȱacidsȱalsoȱresultedȱ
inȱpoorȱpredictionsȱofȱ logȱKdȱ(RMSEȱ0.31ȱtoȱ0.32,ȱNSEȱ(ƺ9.28)ȱtoȱ(ƺ12.68),ȱr2ȱ0.040.08)ȱ(Tableȱ4ȱandȱ
Figureȱ 4).ȱ Evenȱ thoughȱ theseȱQSARsȱwereȱ developedȱ usingȱ publishedȱ sorptionȱ coefficientsȱ forȱ
pharmaceuticalsȱspecifically,ȱourȱanalysisȱresultedȱinȱaȱpoorerȱmodelȱperformanceȱtoȱthatȱreportedȱinȱ
theȱoriginalȱmanuscriptȱ (NSEȱ0.610.64,ȱr2ȱ0.600.64)ȱ[32].ȱVariationȱ inȱmodelȱpredictionsȱ fromȱtheȱ
ANNȱbyȱBerthodȱetȱal.ȱ[34]ȱwasȱrelativelyȱsmallȱ(r2ȱ0.21),ȱhoweverȱallȱmodelȱpredictionsȱwereȱaȱfactorȱ
ofȱapproximatelyȱtwoȱtoȱthreeȱlargerȱthanȱtheȱmeasuredȱvaluesȱwhichȱresultedȱinȱaȱlargeȱdeviationȱ
fromȱtheȱ1:1ȱlineȱ(NSEȱindexȱƺ2.38)ȱandȱonlyȱ21%ȱofȱpredictedȱKdȱvaluesȱwithinȱaȱfactorȱofȱ10ȱofȱtheȱ
correspondingȱmeasuredȱ valueȱ (Tableȱ 4).ȱ Bothȱ theȱmodelsȱ proposedȱ byȱ Berthodȱ etȱ al.ȱ [34]ȱ andȱ
Sathyamoorthyȱ andȱ Ramsburgȱ [32]ȱ wereȱ developedȱ usingȱ pharmaceuticalȱ sorptionȱ coefficientsȱ
publishedȱ inȱ theȱscientificȱ literature.ȱGivenȱbothȱ theseȱmodelsȱwereȱconsistentȱ inȱeitherȱunderȬȱorȱ
overpredictingȱ sorptionȱ coefficientsȱ inȱ theȱ iPiEȱdatabase,ȱ thisȱwouldȱ suggestȱ thatȱ thereȱareȱ someȱ
common,ȱ butȱ significantȱ differencesȱ inȱ sorptionȱ coefficientsȱ calculatedȱ followingȱ internationallyȱ
acceptedȱ guidelinesȱ forȱ regulatoryȱ riskȱ assessmentȱ andȱ thoseȱ determinedȱ primarilyȱ forȱ researchȱ
purposes.ȱ
AsȱtheȱmodelȱproposedȱbyȱBerthodȱetȱal.ȱ[34]ȱwasȱnotȱchargeȱspecific,ȱallȱchemicals,ȱregardlessȱ
ofȱ theirȱ percentȱ ionisation,ȱwereȱ includedȱ inȱ theȱ analysis.ȱ Theȱmodelȱwasȱ evaluatedȱ furtherȱ byȱ
separatingȱtheȱchemicalsȱandȱassociatedȱKdȱvaluesȱintoȱtheȱthreeȱgroupsȱ(acids,ȱbases,ȱandȱchemicalsȱ
containingȱmultipleȱ ionisableȱ functionalȱgroups)ȱandȱrepeatingȱ theȱanalysisȱ (Tableȱ4).ȱWhilstȱ30%ȱ
chemicalsȱclassedȱasȱeitherȱamphotericȱorȱzwitterionicȱ(multipleȱionisableȱfunctionalȱgroups)ȱwereȱ
predictedȱwithinȱaȱfactorȱofȱ10ȱofȱtheȱcorrespondingȱmeasuredȱvalueȱ(Kd),ȱtheȱaccompanyingȱstatisticsȱ
suggestȱtheȱANNȱhasȱaȱpoorȱpredictiveȱcapabilityȱforȱthisȱgroupȱofȱchemicalsȱ(r2ȱ0.01,ȱNSEȱƺ17.50,ȱ
Tableȱ4)ȱasȱcomparedȱwithȱacidsȱandȱbases.ȱAnalysisȱofȱtheȱacidȱandȱbaseȱKdȱvaluesȱseparatelyȱresultedȱ
inȱcomparableȱstatisticsȱtoȱwhenȱtheȱdataȱwasȱevaluatedȱasȱaȱwhole,ȱwithȱ19%ȱofȱpredictionsȱwithinȱaȱ
factorȱofȱ10ȱofȱtheȱmeasuredȱvalueȱ(Tableȱ4).ȱȱ ȱ
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(a)ȱ (b)ȱ
(c)ȱ (d)ȱ
(e)ȱ ȱ
ȱ
Figureȱ4.ȱComparisonȱofȱpredictedȱandȱmeasuredȱsludgeȱsorptionȱcoefficientsȱ(logȱKd),ȱFrancoȱetȱal.ȱ
[33]ȱ acidsȱ (a);ȱ Francoȱ etȱ al.ȱ [33]ȱ basesȱ (b);ȱ Sathymoorthyȱ andȱ Ramsburgȱ [32]ȱ ionisedȱ acidsȱ (c);ȱ
SathymoorthyȱandȱRamsburgȱ[32]ȱacidsȱ(d);ȱBerthodȱetȱal.ȱ[34]ȱ(e).ȱ ȱ
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4.ȱDiscussion.ȱ
4.1.ȱDeviationȱfromȱNeutralityȱ
Broadlyȱdefiningȱaȱmodelȱasȱsuitableȱforȱacidicȱorȱbasicȱchemicalsȱmeansȱthatȱsomeȱchemicals,ȱ
withinȱtheȱapplicabilityȱdomainȱofȱtheȱmodel,ȱhaveȱfunctionalȱgroupsȱthatȱareȱionisedȱatȱtestȱpHȱ(e.g.,ȱ
amineȱpKaȱ>ȱ8)ȱandȱotherȱchemicalsȱremainȱrelativelyȱunȬionised.ȱTheȱpresenceȱorȱabsenceȱofȱionisableȱ
functionalȱgroupsȱcanȱstronglyȱinfluenceȱtheȱsorptionȱofȱaȱpharmaceuticalȱtoȱsoilsȱandȱsludge,ȱandȱ
thereforeȱ modelsȱ developedȱ toȱ predictȱ ionisableȱ chemicalȱ sorptionȱ needȱ toȱ accountȱ forȱ this.ȱ
SathyamoorthyȱandȱRamsburgȱ [32]ȱdeterminedȱ thatȱ theȱpredictiveȱcapabilityȱofȱmodelsȱbasedȱonȱ
chemicalȱhydrophobicityȱonlyȱbecameȱmeaningfulȱwhenȱtheȱpercentageȱofȱunchargedȱchemicalȱwasȱ
>99%.ȱHowever,ȱmodelsȱconsideredȱinȱthisȱanalysisȱtypicallyȱshowȱaȱlargerȱratioȱbetweenȱpredictedȱ
andȱmeasuredȱlogȱKdȱvaluesȱforȱsoilsȱandȱsludgeȱwhenȱtheȱpharmaceuticalȱisȱnotȱdisplayingȱanȱacidicȱ
orȱbasicȱchargeȱandȱisȱ>99%ȱunchargedȱ(Figuresȱ5ȱandȱ6).ȱForȱsoils,ȱthisȱfindingȱisȱmostȱinterestingȱ
withȱregardsȱtoȱtheȱSablji°ȱhydrophobicsȱmodelȱ[37]ȱwhichȱisȱoftenȱusedȱasȱaȱdefaultȱtoȱpredictȱtheȱ
sorptionȱofȱnonionisedȱpharmaceuticalsȱtoȱsoil.ȱOurȱanalysisȱshowsȱthatȱthisȱmodel,ȱandȱsimilarlyȱtheȱ
Sablji°ȱacidsȱmodelȱ[37],ȱperformȱtheȱworstȱforȱpharmaceuticalsȱwhichȱwereȱcompletelyȱunȬionisedȱatȱ
testȱ soilȱpHȱ (Figureȱ 5)ȱwithȱ theȱ ratioȱ rangingȱ betweenȱ ƺ15ȱ andȱ 23ȱ forȱpredictedȱ logȱKdȱ valueȱ toȱ
measuredȱlogȱKdȱvalues.ȱAȱlargeȱdeviationȱbetweenȱpredictedȱandȱmeasuredȱsoilȱsorptionȱcoefficientsȱ
wereȱalsoȱobservedȱforȱtheȱFrancoȱsuiteȱofȱmodelsȱ[16,31]ȱwhenȱtheȱchemicalȱwasȱclassedȱasȱunchargedȱ
(Figureȱ5).ȱTheȱratiosȱofȱpredictedȱandȱmeasuredȱsludgeȱsorptionȱcoefficientsȱforȱunchargedȱchemicalsȱ
were,ȱhowever,ȱsmallerȱthanȱratiosȱcalculatedȱforȱsoils,ȱwithȱallȱratiosȱwithinȱaȱfactorȱ10ȱofȱtheȱ1:1ȱlineȱ
(Figureȱ6).ȱ
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(e)ȱ (f)ȱ
(g)ȱ (h)ȱ
(i)ȱ ȱ
ȱ
Figureȱ5.ȱRatioȱbetweenȱpredictedȱandȱmeasuredȱsoilȱsorptionȱcoefficientsȱandȱrelationshipȱtoȱpercentȱ
ionisationȱofȱtestȱcompound,ȱBinteinȱandȱDevillersȱ[28]ȱacidsȱ(a);ȱBinteinȱandȱDevillersȱ[28]ȱbasesȱ(b);ȱ
Sabljicȱetȱal.ȱ[37]ȱacidsȱ(c);ȱSabljicȱetȱal.ȱ[37]ȱhydrophobicsȱ(d);ȱFrancoȱetȱal.ȱ[31]ȱacidsȱ(e);ȱFrancoȱetȱal.ȱ
[31]ȱbasesȱ(f);ȱFrancoȱetȱal.,ȱ[16]ȱ(g);ȱKahȱandȱBrownȱ[24]ȱ(h);ȱDrogeȱandȱGossȱ[30]ȱ(i).ȱ
Comparatively,ȱwhenȱaȱchemicalȱisȱhighlyȱchargedȱ(>90%ȱionised)ȱthisȱalsoȱresultsȱinȱaȱlargerȱ
ratioȱbetweenȱpredictedȱandȱmeasuredȱlogȱKdȱvaluesȱ(Figureȱ5).ȱTheȱBinteinȱandȱDevillersȱ[28]ȱmodelȱ
analysisȱclearlyȱshowsȱthatȱforȱbothȱacidsȱandȱbases,ȱasȱtheȱpercentȱionisationȱincreasesȱthisȱgenerallyȱ
resultsȱinȱaȱlargerȱdeviationȱbetweenȱtheȱpredictedȱandȱmeasuredȱsoilȱlogȱKdȱvaluesȱ(Figureȱ5).ȱForȱ
acids,ȱthisȱtypicallyȱresultsȱinȱanȱunderestimationȱofȱtheȱsorptionȱcoefficients,ȱwithȱ80%ȱofȱsorptionȱ
coefficientsȱunderestimatedȱwhenȱtheȱchemicalȱwasȱ>90%ȱionisedȱatȱtestȱsoilȱpH.ȱLikewise,ȱtheȱbasesȱ
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modelȱappearsȱtoȱworkȱwellȱforȱchemicalsȱthatȱwereȱnotȱsignificantlyȱionised,ȱhowever,ȱ90%ȱofȱsoilȱ
sorptionȱcoefficientsȱwereȱoverȱpredictedȱforȱbasicȱpharmaceuticalsȱwhichȱwereȱ>90%ȱionisedȱ(Figureȱ
5).ȱ Whileȱ theȱ Drogeȱ andȱ Gossȱ modelȱ [30]ȱ appearsȱ toȱ workȱ wellȱ inȱ theȱ predictionȱ ofȱ sorptionȱ
coefficientsȱ forȱchargedȱbasicȱcompoundsȱ (Figureȱ3ȱandȱTableȱ3),ȱ furtherȱanalysisȱshowsȱ thatȱ thisȱ
modelȱdoesȱnotȱperformȱwellȱforȱbasicȱpharmaceuticalsȱthatȱareȱhighlyȱionisedȱ(>90%)ȱasȱcomparedȱ
withȱmoderatelyȱ ionisedȱbasesȱ(Figureȱ5).ȱInȱtheirȱdiscussion,ȱDrogeȱandȱGossȱ[30]ȱnotedȱthatȱthisȱ
modelȱwasȱdevelopedȱforȱstrongȱbasesȱ(pKaȱ>ȱ8)ȱwhichȱwouldȱbeȱlargelyȱprotonatedȱatȱsoilȱpHȱandȱ
theȱmodelȱapplicabilityȱ forȱneutralȱbasesȱ (pKaȱ3ȱ toȱ8)ȱwasȱunknown.ȱAllȱ chemicalsȱ testedȱ inȱ thisȱ
analysisȱfellȱwithinȱtheȱspecifiedȱapplicabilityȱdomainȱ(pKaȱ>ȱ8)ȱbutȱourȱanalysisȱwouldȱindicateȱthatȱ
thisȱmodelȱwouldȱalsoȱworkȱwellȱ forȱweakȱbasesȱgivenȱ thatȱ thereȱ isȱaȱsmallerȱdifferenceȱbetweenȱ
measuredȱandȱpredictedȱsorptionȱcoefficientsȱwithȱaȱdecreasingȱpercentȱofȱionisationȱ(Figureȱ5).ȱ
(a)ȱ (b)ȱ
(c)ȱ (d)ȱ
(e)ȱ ȱ
ȱ
ȱ
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Figureȱ 6.ȱRatioȱbetweenȱpredictedȱ andȱmeasuredȱ sludgeȱ sorptionȱ coefficientsȱ andȱ relationshipȱ toȱ
percentȱ ionisationȱ ofȱ testȱ compound,ȱ Francoȱ etȱ al.[33]ȱ acidsȱ (a);ȱ Francoȱ etȱ al.ȱ [33]ȱ basesȱ (b);ȱ
Sathymoorthyȱ andȱRamsburgȱ [32]ȱ ionisedȱ acidsȱ (c);ȱ Sathymoorthyȱ andȱRamsburgȱ [32]ȱ acidsȱ (d);ȱ
Berthodȱetȱal.ȱ[34]ȱ(e).ȱ
4.2.ȱRegulatoryȱImplicationsȱ
Inȱ aȱ regulatoryȱ context,ȱ sorptionȱ modelsȱ haveȱ beenȱ proposedȱ forȱ theȱ environmentalȱ riskȱ
assessmentȱofȱorganicȱchemicals.ȱWhilstȱ theȱSablji°ȱhydrophobicsȱmodelȱ [37]ȱwasȱnotȱ specificallyȱ
designedȱtoȱpredictȱionisableȱchemicalȱsorption,ȱitȱisȱincludedȱinȱtheȱTechnicalȱGuidanceȱDocumentȱ
(TGD)ȱ[38]ȱasȱoneȱofȱaȱsuiteȱofȱsuggestedȱmodelsȱtoȱpredictȱtheȱpartitioningȱofȱorganicȱchemicalsȱinȱ
soils.ȱTheȱresultsȱfromȱthisȱanalysisȱ(Tableȱ3),ȱincludingȱtheȱinabilityȱofȱtheȱSablji°ȱhydrophobicsȱmodelȱ
[37]ȱ toȱcaptureȱ theȱproportionȱofȱvarianceȱobservedȱ inȱ theȱmeasuredȱdataȱ (r2ȱofȱ0.07)ȱandȱ theȱ lowȱ
predictiveȱ powerȱ ofȱ theȱmodelȱ (NSEȱ ƺ1.54)ȱ demonstrateȱ thatȱ itȱ shouldȱ notȱ beȱ usedȱ inȱ theȱ riskȱ
assessmentȱofȱ ionisableȱpharmaceuticalsȱandȱalternativeȱmodelsȱshouldȱbeȱproposedȱ toȱprovideȱaȱ
betterȱindicationȱofȱsoilȱsorptionȱpotential.ȱEvenȱtheȱclassȱspecificȱTGDȱQSARȱforȱorganicȱacidsȱ(Tableȱ
3),ȱresultedȱinȱpoorȱmodelȱperformanceȱwithȱonlyȱ50%ȱofȱtheȱpredictedȱsorptionȱcoefficientsȱbeingȱ
withinȱanȱorderȱofȱmagnitudeȱofȱtheirȱmeasuredȱvalueȱ(r2ȱ0.04,ȱNSEȱƺ1.25).ȱ ȱ
Inȱtheȱriskȱassessmentȱofȱpharmaceuticals,ȱitȱisȱalsoȱdesirableȱtoȱhaveȱaccurateȱmethodsȱtoȱpredictȱ
theȱsorptionȱofȱpharmaceuticalsȱtoȱsewageȱsludge,ȱasȱthisȱisȱaȱkeyȱinputȱintoȱexposureȱmodelsȱandȱtheȱ
predictionȱ ofȱ surfaceȱ waterȱ concentrations.ȱ Withoutȱ accurateȱ informationȱ onȱ partitioningȱ andȱ
removalȱ fromȱ theȱ wasteȱ streamȱ duringȱ wastewaterȱ treatment,ȱ predictedȱ environmentalȱ
concentrationsȱwillȱbeȱunderȬȱorȱoverestimatedȱ[40].ȱSimpleTreatȱisȱanȱexposureȱemissionȱmodelȱ
andȱoriginallyȱincludedȱapproachesȱtoȱdescribeȱsludgeȱsorptionȱthatȱdoȱnotȱaccountȱforȱionisationȱbutȱ
hasȱsinceȱbeenȱupdatedȱtoȱincludeȱQSARsȱtoȱestimateȱionisableȱchemicalȱfateȱinȱanȱactivatedȱsludgeȱ
WWTPȱ[41].ȱResultsȱfromȱthisȱmodelȱevaluationȱsuggestȱtheȱnewȱQSARsȱ(Tableȱ4)ȱ[33]ȱareȱableȱtoȱ
predictȱsludgeȱsorptionȱcoefficientsȱreasonablyȱwellȱforȱacidsȱandȱbasesȱwithȱtheȱlargestȱpercentȱofȱKdȱ
valuesȱbeingȱwithinȱaȱfactorȱofȱ10ȱofȱtheȱmeasuredȱvalueȱobtainedȱusingȱtheseȱmodelsȱ(Figureȱ2).ȱ
Modelsȱthatȱappearȱtoȱbeȱmoreȱapplicableȱtoȱionisableȱorganicȱcompounds,ȱsuchȱasȱnonlinearȱ
regressions,ȱorȱthoseȱbasedȱonȱmolecularȱstructure,ȱtendȱtoȱbeȱsomewhatȱmoreȱcomplexȱinȱnature,ȱ
andȱthereforeȱcanȱlackȱtheȱtransparencyȱthatȱtheȱlinearȱregressionȬbasedȱapproachesȱprovide.ȱFromȱaȱ
regulatoryȱperspective,ȱmethodsȱthatȱtendȱtoȱbeȱsimpleȱandȱtransparentȱareȱpreferableȱtoȱenableȱeaseȱ
ofȱuseȱandȱstraightforwardȱimplementationȱinȱriskȱassessmentȱframeworks.ȱHowever,ȱbasedȱonȱourȱ
evaluation,ȱsuchȱmethodsȱdoȱnotȱappearȱtoȱperformȱwellȱforȱionisableȱorganicȱcompounds,ȱtypicallyȱ
underestimatingȱtheȱsorptionȱcoefficientsȱ(Figuresȱ1ȱandȱ2).ȱRiskȱassessmentȱpracticesȱforȱestimatingȱ
sorptionȱneedȱ toȱbeȱupdatedȱ toȱaccountȱ forȱ theȱ complexitiesȱ involvedȱ inȱpharmaceuticalsorbentȱ
interactions,ȱespeciallyȱwithȱregardsȱtoȱcurrentȱacceptedȱpracticesȱforȱestimatingȱsoilȱsorptionȱinȱtheȱ
TGDȱ[38].ȱ
4.3.ȱFutureȱModelȱDevelopmentȱ
Asȱpolarity,ȱnumberȱofȱfunctionalȱgroups,ȱandȱionicȱnatureȱofȱtheȱpharmaceuticalȱincrease,ȱsoȱ
doesȱtheȱnumberȱofȱpotentialȱsorptionȱmechanisms,ȱtherebyȱresultingȱinȱdifferingȱsorptionȱcoefficientsȱ
betweenȱ nonionisedȱ andȱ ionisedȱ chemicals.ȱ KowȬbasedȱ QSARsȱ doȱ notȱ accountȱ forȱ theȱ rangeȱ ofȱ
mechanismsȱ involvedȱ inȱ theȱ sorptionȱ ofȱ ionisableȱ chemicalsȱ whenȱ youȱ assumeȱ hydrophobicȱ
partitioningȱ isȱ drivingȱ theȱ sorptionȱ processȱ andȱ ourȱ analysisȱ reflectȱ thisȱ [42]ȱ (Figureȱ 1).ȱ Similarȱ
findingsȱwereȱalsoȱobservedȱbyȱSathyamoorthyȱandȱRamsburgȱ[32]ȱwhoȱnotedȱthatȱsingleȱparameterȱ
modelsȱ employingȱ logȱ Kowȱ asȱ theȱ onlyȱ descriptorȱ performedȱ poorlyȱ inȱ theirȱ abilityȱ toȱ predictȱ
pharmaceuticalȱ sorptionȱ toȱ sludge.ȱ Interestingly,ȱ ourȱ analysisȱ alsoȱ demonstratedȱ thatȱ modelsȱ
developedȱforȱionisableȱchemicalsȱspecifically,ȱandȱwhichȱincludedȱpharmaceuticalsȱinȱtheirȱtrainingȱ
sets,ȱ alsoȱ resultedȱ inȱ significantȱ differencesȱ betweenȱ predictedȱ andȱmeasuredȱ logȱ Kdȱ valuesȱ forȱ
chemicalsȱinȱtheȱiPiEȱsorptionȱdatabase.ȱNewȱmodels,ȱtherefore,ȱneedȱtoȱbeȱdevelopedȱthatȱareȱableȱ
toȱcaptureȱtheȱvarianceȱinȱsorptionȱcoefficientsȱassociatedȱwithȱdifferentȱchargedȱstatesȱofȱtheȱchemicalȱ
andȱpropertiesȱofȱtheȱsoilsȱandȱsludges.ȱ
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Aȱ moreȱ detailedȱ mechanisticȱ understandingȱ ofȱ soilȱ andȱ sludgeȱ sorptionȱ processesȱ andȱ
specificallyȱ theȱkeyȱphysicochemicalȱpropertiesȱ responsibleȱ forȱsorbentsorbateȱ interactionsȱcouldȱ
provideȱaȱstrongȱbasisȱforȱfutureȱmodelȱdevelopment.ȱTheȱapproachȱproposedȱbyȱDrogeȱandȱGossȱ
[30]ȱisȱbuiltȱonȱtheseȱprinciplesȱbyȱaccountingȱforȱsorptionȱofȱchargedȱbasesȱtoȱorganicȱmatterȱandȱ
phyllosilicateȱclays,ȱandȱyieldedȱpromisingȱresultsȱinȱourȱanalysisȱ(Tableȱ3).ȱHowever,ȱtheȱpredictionȱ
ofȱDOC,IEȱandȱKCEC,CLAYSȱnecessaryȱ forȱ theȱoverallȱsorptionȱpredictionȱusingȱ thisȱmodelȱ isȱbasedȱonȱ
simpleȱamineȱstructuresȱandȱpharmaceuticalsȱareȱ typicallyȱcomprisedȱofȱmoreȱcomplexȱstructuresȱ
withȱspecificȱchemicalȱmoieties.ȱTheȱavailabilityȱofȱonlyȱaȱsmallȱsetȱofȱpoorlyȱvalidatedȱcorrectiveȱ
incrementsȱtoȱestimateȱDOC,IEȱandȱKCEC,CLAYSȱsuggestȱtheseȱneedȱtoȱbeȱupdatedȱandȱextendedȱwithȱnewȱ
dataȱtoȱcoverȱmoreȱcomplexȱmultifunctionalȱstructuresȱthatȱareȱcommonȱinȱionisableȱpharmaceuticals.ȱ
BuildingȱonȱtheȱworkȱofȱDrogeȱandȱGossȱ[30],ȱJolinȱetȱal.,ȱ[36],ȱdemonstratedȱthatȱyouȱcanȱpredictȱ
organicȱcationȱsorptionȱusingȱaȱsimpleȱprobeȱmolecule,ȱphenyltrimethylammonium,ȱinȱcombinationȱ
withȱstructuralȱscalingȱfactorsȱderivedȱfromȱtheȱDrogeȱandȱGossȱ[30]ȱapproach.ȱThisȱhybridȱapproachȱ
offersȱpromisingȱadvancesȱinȱmechanisticȱderivedȱsorptionȱcoefficientsȱforȱorganicȱcations,ȱhowever,ȱ
theȱneedȱ forȱanȱexperimentallyȱdeterminedȱKdȱvalueȱ forȱ theȱprobeȱmoleculeȱ inȱyourȱsoilȱ typeȱ isȱaȱ
limitingȱfactorȱinȱtheȱJolinȱetȱal.ȱ[36]ȱapproach.ȱ
Theȱdevelopmentȱofȱmoreȱmechanisticallyȱdrivenȱsorptionȱpredictionsȱwillȱalsoȱrequireȱaȱchangeȱ
inȱtheȱstandardȱsuiteȱofȱsoilȱparametersȱthatȱareȱreportedȱforȱaȱsorptionȱexperiment.ȱTerȱLaakȱetȱal.ȱ
[29]ȱemployedȱpartialȱleastȱsquaresȬregressionȱmodellingȱtoȱexplainȱ68%ȱtoȱ78%ȱofȱtheȱvariationȱinȱ
sorptionȱcoefficientsȱ forȱ ionisableȱantimicrobialȱagentsȱbyȱ integratingȱsixȱdifferentȱ soilȱproperties.ȱ
Basedȱonȱourȱcurrentȱunderstandingȱofȱanionicȱsorptionȱinȱsoils,ȱweakȱacidsȱcanȱstronglyȱinteractȱwithȱ
positivelyȱchargedȱsurfaceȱoxidesȱ[22,23]ȱandȱthereforeȱinclusionȱofȱparametersȱsuchȱasȱthisȱinȱQSARȱ
modelsȱisȱlogical.ȱThisȱapproach,ȱhowever,ȱcouldȱnotȱbeȱincludedȱ inȱourȱanalysisȱasȱoxyhydroxideȱ
content,ȱaȱkeyȱsoilȱparameterȱrequiredȱforȱtheseȱpredictions,ȱisȱnotȱtypicallyȱreportedȱfollowingȱOECDȱ
106ȱorȱtheȱUSȱFDAȱTechnicalȱAssistanceȱDocumentȱ3.08ȱprotocolsȱ(theȱsourcesȱofȱdataȱobtainedȱforȱ
ourȱanalysis).ȱToȱfacilitateȱtheȱuseȱofȱthisȱmodel,ȱandȱtheȱdevelopmentȱofȱfutureȱmodelsȱfollowingȱaȱ
similarȱmechanisticȱ approach,ȱanȱ increaseȱ inȱ theȱ typesȱofȱ soilȱparametersȱ thatȱareȱ reportedȱ forȱaȱ
sorptionȱexperimentȱ isȱrequired.ȱFurthermore,ȱitȱmayȱbeȱnecessaryȱtoȱinvestigateȱaȱwiderȱrangeȱofȱ
chemicalȱpropertiesȱandȱsoilȱparametersȱinȱorderȱtoȱprioritiseȱtheirȱabilityȱtoȱpredictȱsorption.ȱItȱ isȱ
expectedȱ thatȱ sorbentȱ propertiesȱ suchȱ asȱ oxideȱ contentȱ andȱ cationȱ exchangeȱ capacityȱwhichȱ areȱ
stronglyȱcorrelatedȱtoȱtheȱsoilȱsorptionȱofȱionisableȱchemicalsȱ[8,20]ȱwillȱbeȱlessȱimportantȱinȱtermsȱofȱ
describingȱsludgeȱsorption.ȱSludgeȱisȱaȱcomplexȱmatrixȱbutȱisȱlargelyȱdominatedȱbyȱaȱhighȱorganicȱ
matterȱcontent,ȱwhichȱwillȱbeȱdrivingȱtheȱintermolecularȱforces,ȱprimarilyȱhydrophobicȱinteractionsȱ
inȱtheȱsorptionȱofȱnonionisedȱandȱcationicȱchemicalsȱinȱparticularȱ[13].ȱ ȱ
TheȱuseȱofȱANNȱmodelsȱcouldȱalsoȱprovideȱaȱpromisingȱalternativeȱtoȱtraditionalȱregressionȬ
basedȱapproachesȱforȱsorptionȱpredictionsȱbyȱaccountingȱforȱnonlinearȱrelationshipsȱbetweenȱaȱwideȱ
rangeȱofȱfactors.ȱCurrentlyȱtheȱsuitabilityȱofȱANNsȱtoȱdescribeȱsoilȱsorptionȱisȱunknown.ȱFutureȱworkȱ
couldȱexploreȱpredictionsȱofȱsoilȱsorptionȱcoefficientsȱbasedȱonȱANNȱmodels,ȱandȱincorporateȱtermsȱ
relatedȱtoȱsoilȱpropertiesȱ(i.e.,ȱpHȱandȱOC%),ȱinȱcombinationȱwithȱpharmaceuticalȱphysicochemicalȱ
parameters.ȱEvaluationȱofȱtheȱsludgeȱANNȱmodelȱdevelopedȱbyȱBerthodȱetȱal.ȱ[34]ȱforȱsludgeȱsorptionȱ
revealedȱthereȱwasȱroomȱforȱimprovementȱinȱmodelȱpredictionsȱasȱitȱhadȱweakȱpredictiveȱcapabilityȱ
acrossȱ acidic,ȱ basic,ȱ andȱ nonionisedȱ pharmaceuticalsȱ (Tableȱ 4).ȱAsȱ theȱBerthodȱ etȱ al.ȱmodelȱ [34]ȱ
consideredȱallȱchemicals,ȱirrespectiveȱofȱchargeȱinȱaȱsingleȱdataset,ȱfutureȱsludgeȱmodelsȱbasedȱonȱ
ANNȱ principlesȱ couldȱ beȱ expandedȱ byȱ definingȱ separateȱ ANNȱ modelsȱ forȱ acidic,ȱ basic,ȱ andȱ
nonionisedȱpharmaceuticals.ȱ ȱ
TheȱdevelopmentȱofȱchargeȬbasedȱmodelsȱ(e.g.,ȱFrancoȱetȱal.ȱ[31])ȱforȱacidsȱandȱbasesȱhasȱstartedȱ
toȱ accountȱ forȱ differentȱ factorsȱ influencingȱ theȱ sorptionȱ ofȱ ionisedȱ chemicals.ȱHowever,ȱ asȱ ourȱ
analysisȱdemonstrates,ȱ someȱ ofȱ theȱmodelsȱdevelopedȱ forȱ ionisableȱ chemicalsȱ areȱ stillȱunableȱ toȱ
accuratelyȱpredictȱsorptionȱcoefficientsȱforȱchemicalsȱwhichȱareȱfullyȱprotonatedȱ(Figuresȱ5ȱandȱ6).ȱ
Futureȱmodelȱdevelopment,ȱ therefore,ȱ shouldȱ takeȱ intoȱaccountȱ theȱdegreeȱofȱ chargeȱ toȱ improveȱ
predictionsȱofȱsorptionȱcoefficientsȱwithȱseparateȱmodelsȱdevelopedȱforȱpharmaceuticalsȱwhichȱareȱ
highlyȱprotonatedȱ(>90%ȱionised).ȱ
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Pharmaceuticalsȱ compriseȱ aȱ diverseȱ arrayȱ ofȱ chemicalȱ structuresȱwithȱ aȱ rangeȱ ofȱ chemicalȱ
moietiesȱthatȱcanȱbecomeȱchargedȱatȱanȱenvironmentallyȱrelevantȱpHȱrange.ȱPreviousȱresearchȱhasȱ
elucidatedȱthatȱtheȱextentȱofȱchargeȱdelocalisationȱ(orȱpositiveȱchargeȱlocalisation)ȱandȱpresenceȱorȱ
absenceȱofȱhydroxylȱgroupsȱcanȱstronglyȱinfluenceȱmolecularȱorientation,ȱandȱtherebyȱtheȱpotentialȱ
forȱionisedȱchemicalȱsorptionȱ[4345].ȱTherefore,ȱthisȱsuggestsȱthatȱaȱsingleȱmodelȱtoȱdescribeȱsorptionȱ
accuratelyȱforȱallȱpharmaceuticalȱclassesȱmayȱnotȱbeȱpossible.ȱWeberȱetȱal.ȱ[46]ȱwereȱunableȱtoȱdefineȱ
aȱsingleȱequationȱthatȱwasȱableȱtoȱexplainȱtheȱvariationȱassociatedȱwithȱallȱionisableȱpesticidesȱand,ȱ
instead,ȱproposedȱaȱseriesȱofȱmathematicalȱequationsȱfromȱregressionsȱofȱsorptionȱcoefficientȱvaluesȱ
withȱ selectedȱ soilȱpropertiesȱ forȱ individualȱpesticideȱ familiesȱ (e.g.,ȱweaklyȱbasicȱ compoundsȱandȱ
carboxyȱacids).ȱDueȱtoȱtheȱinherentȱcomplexityȱofȱcompoundȱstructures,ȱgeneralisedȱsorptionȱmodelsȱ
areȱ notȱ beȱ ableȱ toȱ adequatelyȱ describeȱ theȱ broadȱ rangeȱ ofȱ interactionsȱ involvedȱ inȱ ionisableȱ
pharmaceuticalȱsorptionȱandȱmodelsȱdevelopedȱonȱtheȱbasisȱofȱstructuralȱsimilarityȱareȱrequired.ȱAȱ
similarȱapproachȱ isȱalsoȱneededȱ forȱotherȱ chemicalsȱwhichȱareȱalsoȱ ionisedȱatȱ environmentalȱpHȱ
valuesȱ(e.g.,ȱUVȬfiltersȱandȱpersonalȱcareȱproducts).ȱ
5.ȱConclusionsȱ
Usingȱ aȱ highȬqualityȱ databaseȱ ofȱmeasuredȱ sorptionȱ coefficients,ȱ allȱ determinedȱ followingȱ
internationallyȱrecognisedȱprotocols,ȱourȱanalysesȱdemonstrateȱthatȱKowȱisȱnotȱanȱeffectiveȱpredictorȱ
ofȱionisableȱpharmaceuticalȱsorptionȱinȱsoils.ȱThisȱisȱinȱagreementȱwithȱpreviouslyȱpublishedȱstudies.ȱ
Polyparameterȱ modelsȱ basedȱ onȱ pharmaceuticalȱ characteristics,ȱ inȱ combinationȱ withȱ keyȱ soilȱ
properties,ȱ suchȱ asȱ cationȱ exchangeȱ capacity,ȱ increasedȱ modelȱ complexityȱ butȱ yieldedȱ anȱ
improvementȱ inȱ theȱpredictiveȱcapabilityȱofȱsoilȱsorptionȱmodels.ȱSimilarȱ findingsȱwereȱobservedȱ
withȱtheȱsludgeȱsorptionȱmodelsȱevaluatedȱinȱthisȱanalysis,ȱwhereȱchargeȬspecificȱmodelsȱaccountingȱ
forȱchemicalȱspeciationȱprovidedȱaȱbetterȱpredictionȱofȱsorptionȱcoefficients.ȱ ȱ
Ourȱanalysisȱhasȱdemonstratedȱthatȱforȱaȱmajorityȱofȱpharmaceuticals,ȱwhichȱhaveȱpreviouslyȱ
undergoneȱ anȱ environmentalȱ riskȱ assessment,ȱ existingȱ modelsȱ thatȱ haveȱ beenȱ proposedȱ forȱ
estimatingȱtheȱsorptionȱbehaviourȱofȱionisableȱcompounds,ȱfailȱtoȱprovideȱanȱaccurateȱpredictionȱforȱ
theȱpartitioningȱtoȱsewageȱsludgeȱandȱsoils.ȱAsȱtheȱmodelsȱincludedȱinȱthisȱanalysesȱwereȱonlyȱableȱ
toȱpredictȱaȱmaximumȱofȱ71%ȱandȱ67%ȱofȱtheȱsorptionȱcoefficientsȱforȱtheȱcompoundsȱtoȱwithinȱoneȱ
logȱunitȱofȱtheȱcorrespondingȱmeasuredȱvalueȱinȱsoilsȱandȱsludge,ȱrespectively,ȱthisȱwouldȱsuggestȱ
thereȱisȱaȱneedȱforȱmodelsȱtoȱbeȱdevelopedȱtoȱbetterȱpredictȱtheȱsorptionȱofȱionisableȱpharmaceuticalsȱ
inȱsoilȱandȱsludgeȱsystems.ȱTheȱvariationȱinȱsorptionȱcoefficients,ȱevenȱforȱaȱsingleȱpharmaceutical,ȱ
makesȱthisȱanȱinherentlyȱdifficultȱtask,ȱandȱthereforeȱrequiresȱaȱbroadȱunderstandingȱofȱbothȱchemicalȱ
andȱsorbentȱpropertiesȱdrivingȱ theȱsorptionȱprocessȱ toȱcreateȱmechanisticȱmodelsȱ thatȱareȱableȱ toȱ
respondȱtoȱtheȱvariabilityȱinȱexposures.ȱTheȱmodelȱproposedȱbyȱDrogeȱandȱGossȱ[30]ȱholdsȱpromiseȱ
inȱ thisȱ respectȱbyȱ characterisingȱ soilsȱ inȱ aȱmannerȱ thatȱparallelsȱourȱmechanisticȱunderstanding,ȱ
however,ȱ theseȱ areȱ onlyȱ limitedȱ toȱ cations.ȱ Theȱ proposedȱ ideasȱ forȱ futureȱmodelȱ developmentȱ
discussedȱabove,ȱofferȱstepsȱtowardsȱimprovingȱuponȱcurrentȱmodelȱuncertainty,ȱandȱaccountȱforȱtheȱ
broadȱspectrumȱofȱionisableȱpharmaceuticalsȱinȱtheȱenvironment.ȱ
SupplementaryȱMaterials:ȱTheȱfollowingȱareȱavailableȱonlineȱatȱwww.mdpi.com/xxx/s1,ȱFigureȱS1:ȱComparisonȱ
ofȱmeasuredȱlogȱKocȱvaluesȱwithȱpredictedȱlogȱKocȱvaluesȱusingȱpreviouslyȱpublishedȱsoilȱsorptionȱmodels,ȱFigureȱ
S2:ȱComparisonȱofȱmeasuredȱ logȱKocȱvaluesȱwithȱpredictedȱ logȱKocȱvaluesȱusingȱpreviouslyȱpublishedȱsludgeȱ
sorptionȱmodels,ȱTableȱS1:ȱDatabaseȱofȱmeasuredȱsoilȱsorptionȱcoefficientsȱprovidedȱbyȱEFPIAȱpartnersȱincludingȱ
keyȱ physicoȬchemicalȱ propertiesȱ andȱ soilȱ parameters,ȱ Tableȱ S2:ȱ Databaseȱ ofȱ measuredȱ sludgeȱ sorptionȱ
coefficientsȱprovidedȱbyȱEFPIAȱpartnersȱ includingȱkeyȱphysicoȬchemicalȱpropertiesȱ andȱ sludgeȱparameters,ȱ
TableȱS3:ȱAssessmentȱofȱtheȱperformanceȱofȱpreviouslyȱpublishedȱsoilȱsorptionȱmodelsȱinȱtheirȱabilityȱtoȱpredictȱ
soilȱ sorptionȱ coefficientsȱ (logȱKoc),ȱTableȱS4:ȱAssessmentȱofȱ theȱperformanceȱofȱpreviouslyȱpublishedȱ sludgeȱ
sorptionȱmodelsȱinȱtheirȱabilityȱtoȱpredictȱsoilȱsorptionȱcoefficientsȱ(logȱKoc),ȱTableȱS5:ȱPharmaceuticalsȱincludedȱ
inȱtheȱevaluationȱofȱselectedȱsoilȱsorptionȱmodelsȱ(numbersȱcorrespondȱtoȱindexȱnumbersȱprovidedȱinȱTableȱS1),ȱ
TableȱS6:ȱPharmaceuticalsȱincludedȱinȱtheȱevaluationȱofȱselectedȱsludgeȱsorptionȱmodelsȱ(numbersȱcorrespondȱ
toȱindexȱnumbersȱprovidedȱinȱTableȱS2).ȱ
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